Structural Relaxation and Thermal Characteristics of Spin-cast Glassy Polymer & Nanocomposite Thin Films by López García, Ízaro
  
Structural Relaxation and Thermal 
Characteristics of Spin-Cast Glassy 
Polymer & Nanocomposite  
Thin Films 
Ízaro López García 
 
 
 
 
Department of Physics 
University of Surrey 
 
2010 
 
  Abstract 
 2 
Abstract  
In this work thin polymer films produced via spin-casting were studied using 
spectroscopic ellipsometry to probe relaxation of confined soft systems and the interdependence 
of glass transition temperature, Tg, and solvent loss. The effects of adding carbon nanotubes 
(CNTs) to poly(methyl methacrylate) (PMMA) spin cast thin films were investigated in terms of 
structural relaxation, expansivity and Tg.  
The film’s initial conformation after solvent quench was explored for different polymer systems 
and blends. Comparisons between PMMA and different blends of PMMA and poly(tert-butyl 
methacrylate) (P(tert-BMA)) show strong dependence of the initial departure from equilibrium 
thickness, δ0, and thickness relaxation rates, β, on the P(tert-BMA) content of the film. It was 
found that P(tert-BMA) rich polymer blends and copolymers form films with high thickness 
stability. 
Direct in-situ formation of glass was observed in a spin-cast film. This observation has not been 
reported for spin-cast thin polymer films prior to this work. This research concluded that the 
behaviour of the glass formation and structural relaxation of the polymer/solvent system is not 
dominated by the Tg of the system. These results do not rule out the possibility that δ0 could 
depend on the type of polymer used in a more fundamental manner. 
Dependence of δ0 on the film’s equilibrium thickness, h∞, has been observed among all the 
systems studied. This difference on behaviour is attributed to interfacial effects. Surface analysis 
of the film samples was carried out using AFM. Block copolymer images revealed randomly 
oriented layering of the polymer forming a lamellar structure whose dimensions repeated every 
74 ± 5 nm. 
SEM and AFM images of films showed homogeneous distribution of CNT clusters. 
Topographical analysis found that most CNTs were below the film surface. δ0 was slightly higher 
in the nanocomposite films compared to pure polymer films. However, Tg and β of films were 
not affected by the addition of CNTs. The thermal expansivity ratio of the glass to the melt 
increases with decreasing film thickness in all cases. We propose that the confined dimensions of 
the films have caused CNTs to create a percolating 2D network along the plane of the film. 
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1 Introduction  
 
 
The importance of thin films comes from their widespread use in technological 
applications and industrial processes. These applications range from coatings and lithography 
applications to nanoimprinting and optoelectronic devices. In such applications, the changes 
induced by the material’s relaxation to coating properties directly affect the coating’s suitability. 
This study aimed to obtain a better fundamental understanding and gain knowledge in what 
represents a meta-stable form of soft matter [1
This introduction is followed by a short section describing the basic principles of relaxation of 
glassy polymers and the glass transition temperature and explaining the free volume approach to 
relaxation and the latest interpretations of different behaviours observed in thin films and bulk 
polymers containing solvent. An overview of the principal techniques used during this study 
follows in Chapter 3. These include variable angle spectroscopic ellipsometry, VASE, atomic 
force microscopy, AFM and scanning electron microscopy, SEM.  
], with relaxation of the polymer film related to the 
material’s rigidity and the solvent content of the system. To explore the relaxation of confined 
soft systems and the interdependence of glass transition temperature, Tg, and solvent loss in fresh 
spin-cast films, experiments were conducted on freshly spin-cast films of  
poly(tert-butyl methacrylate) [P(tert-BMA)], poly(norm-butyl methacrylate) [P(norm-BMA)], and 
blends of P(tert-BMA) and poly(methyl methacrylate) [PMMA]. The polymers used were model 
systems for glassy and rubbery phases at room temperature, providing films with different 
rigidity. 
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The subsequent chapters present the experimental results of this study. Chapter 4 presents the 
findings from experimental work by analysing the data from thermally treated samples and 
isothermally relaxed samples from the different polymers. Thickness changes are used to obtain 
information about the structure of the films, solvent content and the effects of equilibrium 
thickness on the retention of solvent and relaxation. The following chapter extends the analysis 
to the refractive index information by comparing the results with those obtained from thickness 
data and calculating a relaxation rate using changes of refractive index over time instead of 
changes in thickness over time. Finally Chapter 6 explores the effects of dispersing carbon 
nanotubes in the film and compares these to pure polymer films. 
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2 Relaxation in Glassy Polymers  
 
 
The widespread use of thin films in a range of applications and industries, from 
coatings, inks and lithography applications [2 1] to nanoimprinting and optoelectronic devices [ ], 
has made the understanding of thin films, particularly the changes induced by relaxation to 
coating properties (e.g. elastic modulus, thermal expansion, density, refractive index, 
permeability) which directly affect the coating’s suitability, very important. 
Recent work has shown that the structure, wetting, and mobility of the polymer in thin films can 
vary greatly from those of the bulk [3,4,5,6,7]. Polymer thin films provide an excellent 
opportunity to study the effects of confined geometry on the polymer properties. A well-
documented property of thin polymer films that has been shown to exhibit thickness dependence 
is the glass transition temperature (Tg) [8,9,10,11,12,13,14
In many applications, thin films are prepared by depositing a dilute solution of polymer onto a 
substrate, this substrate is then spun at high velocity and the solution spreads ejecting any excess 
off the substrate [
]. 
1]. As solvent then evaporates, the polymer volume fraction, φpol, increases 
while at the same time the glass transition temperature (Tg) of the solution increases approaching 
the experimental temperature. When Tg reaches the experimental temperature, the solution forms 
a glass. The film is then in a state of non-equilibrium, the structure having been ‘frozen in’ [15
In this work, we will focus on the process of solvent evaporation and the changes in the 
properties of the polymer as the concentration of polymer increases in the spin-cast film and as it 
relaxes in the glassy state. For this purpose, in this chapter, a description of glass transition and 
]. 
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relaxation in polymers will be discussed, and the issues associated with sorption and desorption 
of solvent in polymers will be looked at. In addition the blends of polymers and the formation of 
ordered regions by block copolymers will be briefly reviewed as well as the dispersions of 
nanotubes in solutions. 
2.1 Glass Transition Temperature 
The change of a polymer from the melt to glass is marked by a transition which manifests 
itself as a change in the temperature dependence of some property of the melt (e.g. heat capacity, 
thermal expansion coefficient) upon cooling. Regardless of whether or not underlying this 
transition there is a true second-order thermodynamic transition, the overwhelming features of 
observed glassy behaviour are kinetic [15]. 
 
Figure 2.1 – Schematics of heat capacity and volume change as a function of temperature. 
The discontinuity in volume (right) is known as the glass transition and it depends on the 
experimental time-scale, but the change in heat capacity (left) does not [16]. Volume 
dependence of temperature (right), shows that when cooling rate is fast, then experimental 
times are shorter than the characteristic time for the molecular rearrangements and the 
molecules have some permanent disorder due to their structure. Longer experimental time-
scales would move the transition to lower temperatures (blue line). 
Following the heat capacity and volume dependence on temperature shown in Figure 2.1 for a 
glass forming polymer, we find that the volume (right plot) of the undercooled melt departs from 
the equilibrium line (gray line) at a certain temperature, Tg, known as the glass transition 
temperature at which the characteristic time for the molecular rearrangements leading to 
structural recovery is longer than the time scale of the experiment [15]. This means that the glass 
transition temperature is determined by the time scale of the experiment, slower cooling would 
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mean that the transition will take place further down the equilibrium line at lower temperatures 
(blue line). 
Although this is a kinetic description of the phenomenology of the transition, there is a 
thermodynamic change associated with the change from the melt to glassy behaviour. Figure 2.1 
(left plot) shows the heat capacity of a polymer glass exhibits a discontinuity when going through 
the glass transition. It has been show by Kovacs [16
The phenomenon of the glass transition has been analysed from a thermodynamic point of view 
[
] that even though Tg is dependant on the 
experimental time-scale, the value of the change in heat capacity does not. 
17
The glass transition is better understood as a kinetic transition instead of a phase transition, a 
point in the system, where the polymer is not able to sample all the possible microstates in the 
time of the experiment. It is therefore this relaxation time divergence that is at the core of the 
phenomenon of glass transition. 
] and though discontinuities in quantities like heat capacity and thermal expansivity would 
suggest a purely second-order phase transition, the glass transition cannot be strictly be 
considered one.  
2.1.1 Free Volume 
An often used method to analyse the glass transition is the concept of “free volume”. Free volume 
refers to the space in a solid or liquid which is not occupied by the polymer molecules. Eyring 
[18] first postulated that viscosity (and the glass transition) could be described by activation 
energies through the use of free volume. In the melt, this free volume is assumed to be high so 
that the unoccupied volume allows the molecules the necessary space to move and freely change 
their conformations. When the temperature of the melt is reduced, the amount of thermal energy 
available is also reduced. It is also presumed that the amount of free volume of the polymer is 
sensitive to temperature changes, accounting for most of the thermal expansion changes of the 
polymer melt or rubber. This reduction of free volume would continue in the melt as 
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temperature is lowered until eventually there would be not enough free volume to allow 
molecular rotation or translation to take place. The temperature at which this condition takes 
place is known as Tg, and below this temperature, the polymer is effectively ‘frozen’ [19]. 
 
Figure 2.2 – Schematic representation of the change in specific volume, V, of a polymer with 
temperature. Free volume is represented by coloured area [19].  
Figure 2.2 illustrates this concept with a schematic representation, where the free volume is 
shown as the coloured area. The total volume of a polymer sample, V, is equal to the volume 
occupied by the molecules, V0, plus the free volume Vf, 
fVVV += 0  2.1 
Consider the expansion of a glass below Tg (Figure 2.2). Flory-Fox and Simha-Boyer 
[20,21,22,23
This leads to the Simha-Boyer [
] first postulated that such glass would expand with a constant free volume, Vf*, i.e. 
that glassy expansion, which is much weaker than melt/rubber thermal expansion, involves 
expansion of the polymer occupied volume of the sample, V0, with constant free volume, Vf*. 
23] suggestion that the glass transition occurs at a constant value 
of the difference between the thermal expansion of the melt/rubber and the thermal expansion 
of the glass times the temperature. This means that the glass transition occurs at a fixed value of 
free volume. 
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Statistical calculations of the entropy can also be used to determine the basis of the glass 
transition as was done first by Gibbs and DiMarzio [24,25,26]. The entropy of a glass can be 
calculated from the partition function, and the dependence of the entropy on temperature can be 
used to predict a true second order transition at about 50 degrees below the observed glass 
transition. There are several problems with the free volume (kinetic) approach, especially when 
compared with the thermodynamic approach of Gibbs-DiMarzio. One is that the kinetic 
approach predicts negative entropy [27
In thin films, the glass transition temperature has been observed to decrease considerably with 
respect to that of the bulk polymer [
]. 
14]. Forrest and Mattsson [9] argued that there must be a 
liquid-like layer with constant thickness near the free surface. Accordingly they interpreted their 
results, for free standing polymer films, incorporating the ideas of length scale for cooperative 
dynamics into a layer model containing a region near the free surface with enhanced mobility. 
Recently, Kawana and Jones [28
2.2 Polymers in Solution 
] carried out experiments in supported PS films and their detailed 
analysis allowed them to postulate that the reason for the observed reduction in Tg was in fact a 
broadening of the glass transition towards lower temperatures. They suggested that the film may 
contain regions with different mobility near the free surface, resulting in the departure of these 
regions from equilibrium at different times. 
In order to describe solvent solubility in the glassy domain, several theoretical approaches 
have been developed. Barens [29] suggested a dual-mode sorption model, where sorption of 
solvent into the polymer takes place through specific sites present only in the glassy state. More 
recently Vrentas and Vrentas [30] developed an approach that did not require glassy specific sites 
to exist but instead related the excess sorption of solvent to the change in specific heat capacity 
of the polymer at the glass transition. Leibler and Sekimoto [31] have used the elastic properties 
  Relaxation in Glassy Polymers 
 16 
of the glassy state to explain the solvent excess in the polymer glass by modifying the expression 
for the chemical potential. 
All of these approaches use the Flory-Huggins solution theory [32,33,34
2.2.1. Flory-Huggins Solution Theory 
], a mathematical model 
of the thermodynamics of polymer solutions that takes into account the dissimilarity in molecular 
sizes in adapting the usual expression for the entropy of mixing which results in an equation for 
free energy change for mixing a polymer with a solvent.  
The Flory-Huggins solution theory represents Helmholtz free energy of mixing, Fmix, as the sum 
of the increase of entropy associated with the order/disorder in the arrangement of polymer and 
solvent molecules, Smix, and the change of energy due to the local interactions of the solvent and 
polymer segments, Umix [35,36
mixmixmix TSUF −=
], 
 2.2 
where T is the temperature of the mix. 
If we consider the polymer molecules in a 
solution as a series of N segments, each 
segment being of equal size to the solvent 
molecule, then, the solution can be 
represented as a lattice where each lattice site 
is occupied by either a solvent molecule or a 
polymer segment, as seen in Figure 2.3. In 
reality, the segments may not be equal to the 
polymer monomer size, and therefore N does 
not represent the degree of polymerization.  
 
Figure 2.3 – Schematic representation of a 
lattice showing solvent molecules (blue) with 
segmented polymer molecules (red).  
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The composition of the mixture can then be measured in terms of the volume fraction, φ; of the 
two components, where volume fraction of A molecules, φA, is defined as the volume of A 
molecules divided by the total volume of the mix. To simplify matters, we will assume that the 
total volume is constant and therefore 1=+ BA φφ . Then the change of entropy on mixing per 
segment would be, 
( ) ( )





+−= B
B
B
AABmix N
kS φφφφ lnln  2.3 
where kB is the Boltzman constant and NB is the number of segments in polymer B molecule. 
Translational entropy associated with the polymer chain is reduced by a factor of NB to reflect 
that the segments in the polymer chain are connected and therefore cannot be positioned 
independently. 
To calculate the change of energy due to the local interactions and motions of the monomers, 
Umix, we will assume that segments only interact with closest neighbouring segments. If we 
consider the energy of interaction between two A or two B segments is AAε  and BBε , the energy 
between A and B segments is ABε  and that any given site in the lattice has zφA and zφB 
neighbouring molecules, then, the interaction energy per site of a segment removed from the 
unmixed state and placed in the mixed state is expressed as  
( ) ( )[ ]ABBABBBBAAAAmix zU εφφεφφεφφ 222 +−+−=  2.4 
It was mentioned earlier that the volume of the mixture did not change, therefore we can define a 
parameter characterising the strength of the interaction between A and B molecules relative to 
their self interaction as χ: 
( )BBAAAB
BTk
z εεεχ −−= 2  2.5 
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χ is known as the Flory-Huggins interaction parameter, where the energy change of a molecule 
removed from unmixed state and placed in a mixed state is expressed in units of kBT. Therefore 
combining 2.4 and 2.5 we obtain 
BABmix TkU φχφ=  2.6 
Combining 2.2, 2.3 and 2.6 we can get the free energy of mixing as, 






++= BAB
B
B
AABmix N
TkF φχφφφφφ lnln  2.7 
In a solution where there is more than one component, it is often useful to know how the 
thermodynamic system varies when a small amount of one component is added or subtracted. 
This requires the use of partial molar quantities. Chemical potential, µi, is the partial molar Gibbs 
free energy, defined as 
jNTPi
i N
G
,,






∂
∂
=µ  2.8 
It is obtained from the partial differentiation of the Flory-Huggins expression for the free energy 
of mixing [19] as, 
( ) 





+





−+= 2
11ln BB
B
Ai N
kT χφφφµ   2.9 
where a small amount of component i (e.g. solvent) is added and pressure, temperature and other 
components are kept constant. 
2.2.2. Solvent Sorption/Desorption in Glassy Polymers 
Amorphous polymers below their glass transition temperature are found to be in a state of non 
equilibrium, characterized by an excess in enthalpy and volume [15,17]. Films created by spin 
casting are in a non-equilibrium state as a result of the rapid process of film formation, leaving 
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the polymer no time to reach structural equilibrium before the onset of the glass transition. The 
process starts by depositing a dilute polymer solution onto a substrate, silicon wafer in our case, 
and rotating it at high velocities to remove excess solution. The film, at this stage in a gel-like 
state, starts to loose solvent freely, reducing its thickness and concentrating the polymer. At 
certain solvent concentration, φc, the glass transition temperature of the polymer/solvent mix 
rises to room temperature [37,38
31
] quenching the film into a glass and increasing its elastic 
modulus [ ]. At this point, the solvent within the film becomes trapped as reducing the 
thickness of the film further is energetically costly. This process takes place within seconds and 
we would expect to find the polymer molecules in the film in a state of non-equilibrium, as 
relaxation times are much larger than experimental times. 
In a  polymer-solvent system, the concentration of polymer at which the glass transition takes 
place, φp, can be obtained from the glass transition temperature of the components according to 
the Kelley-Bueche expression [38], 
( )
( ) ( )ggssgpg
ggss
p TTTTc
TT
−+−
−
=
α
α
φ  2.10 
where αs and Tgs are the expansion coefficient and the glass transition of the solvent, φp and Tgp 
are the weight fraction and the glass transition of the polymer, c is an empirical constant [39
A simple inversion of equation 2.10 would allow us to predict the glass transition temperature of 
the mix at a specific polymer volume fraction, φp.  
], and 
Tg is the temperature at which the glass transition of the system takes place. 
( )
( )psp
gspsgpp
g c
TTc
T
φαφ
φαφ
−+
−+
=
1
1
 2.11  
Figure 2.4 shows the change in glass transition against polymer volume fraction (using toluene as 
a solvent). In a spin cast film, solvent is evaporating freely while the film is still in liquid form, but 
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at certain critical solvent concentration, φc, the glass transition of the system reaches the 
experimental temperature and the film forms a glass.  
 
Figure 2.4 – Glass transition temperature as a function of polymer volume fraction according 
to the K-B model. The differences between a glassy (red) and a rubbery (black) polymer are 
seen as the horizontal (blue) line, representing the experimental temperature (297 K), is 
reached only by the glassy polymer at some polymer volume fraction. Solvent used to model 
the behaviour is toluene while the rubbery and glassy polymers are P(norm-BMA) and  
P(tert-BMA) respectively.  
Croll [40
It has been found in experimental measurements of the adsorption isotherms of solvent in 
polymers [
] has discussed the differences in solvent loss between rubbery and glassy polymers in 
the bulk. He suggested that solvent content in the polymer at the point of solidification was 
responsible for the observed lower glass transition temperature in bulk samples. He suggested the 
concept of trapped solvent within the matrix and pointed to the observation that residual stress 
in the polymers was independent of coating thickness or initial solution concentration.  
31], that excess solvent is absorbed in the glass beyond what is expected from the 
standard chemical potential. Leibler and Sekimoto [31] discussed in detail how the excess 
sorption of polymer glasses is related to the bulk modulus of the glass. This relation on the bulk 
modulus modifies the chemical potential of the solvent within the polymer glass, adding an elastic 
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contribution responsible for the behaviour of glasses. They showed that the compression of the 
glass adds a new term to the chemical potential of the solvent in the glassy polymer, µ. If we 
assume N to be large and AB φφφ −== 1 , then equation 2.9 plus the compression term is: 
( )( )21log χφφφµ ++−= TkB  ( )TKv ggl φ
φlog01−  2.12 
where φ is the polymer volume fraction, φg (T) is the polymer volume fraction at which the glass 
transition takes place at a temperature T, 0glK  is the compressive modulus of the glass, and v1 is 
the volume of one mole of solvent. 
 
Figure 2.5 – Chemical potential of solvent as a function of polymer volume fraction using 
P(norm-BMA) (black line) and P(tert-BMA) (red line). As the concentration of P(tert-BMA) 
reaches φc (82.5% at 298 K), the effect of the modulus (2 GPa) reduces the chemical potential 
of the solvent preventing it to leave.  
Figure 2.5 shows a simulation of the change in chemical potential as a function of the polymer 
volume fraction for two of the polymers used during this study, P(tert-BMA) and P(norm-BMA). 
The simulation uses equation 2.12 with the parameters v1 = 1.065×10-4 m3, 0glK  = 2000 MPa, 
φg (T) = 0.822551 and χ = 0.17 for P(norm-BMA) and χ = 0.44 for P(tert-BMA). The differences 
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between rubbery and glassy films becomes apparent as the chemical potential for the solvent in 
the P(tert-BMA) film starts to decrease once the film becomes glassy. 
At equilibrium, the chemical potential of the solvent in the film will be equal to the chemical 
potential of the solvent in the vapour phase. 
( )






=
Tp
pTkB
ext
*
logµ  2.13 
where p is the partial pressure of solvent in the vapour phase and p*(T) is the saturated vapour 
pressure of solvent.  
The equilibrium φp of the film will therefore be dependent on φc and K. If we subject the film to 
a vacuum, the vapour pressure of the solvent becomes 0 and therefore the chemical potential of 
the solvent in the polymer becomes ∞− and so the concentration of polymer becomes 1 at 
equilibrium. In reality, equilibrium might not be reached over the timescales of the experiment. 
Reiter and de Gennes [1] further hypothesised that when φsolv = φc the polymer forms a rigid 
network which opposes further contraction of the matrix preventing solvent loss. It has been 
argued that when φsolv is below φc, the rate of solvent loss should be considerably slowed down, 
because to lose further solvent would require either the compression of the glassy matrix or the 
introduction of voids, both of which have an energetic cost. In particular, the energy required to 
compress the glass, Fd, is proportional to the compressive modulus of the glass, K. 
( )2
2
φφ −= cd
KF  2.14 
Introducing voids into the polymer matrix was shown [1] to require the system to overcome an 
energy barrier associated with the nucleation of voids, Fn, much larger than the distortion energy 
required to compress the glass, Fd. Therefore for 1<<cφ  voids are not expected in the polymer 
matrix and the system is assumed to operate at constant filling. 
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2.3 Relaxation of Glassy Polymers 
The departure from equilibrium of polymer glasses has been studied and recognised for 
over a century [41
The general explanation of the phenomena is that on cooling from the equilibrium melt, at a 
certain defined temperature, Tg, the polymer goes through a transition. At this point, the 
molecular rearrangements needed to accommodate to the changing temperature slow down to 
such an extent that the time required to achieve equilibrium is longer than the available imposed 
by the cooling rate. 
]. Glass systems are characterised by having relaxation times, τ, longer than the 
experimental time scales, τexp. Although glasses are effectively frozen in a non-equilibrium state, 
slow relaxation towards equilibrium still takes place when held below the glass transition 
temperature for long periods of time. This process of structural relaxation is called ageing. 
When the cooling stops below the glass transition, the polymer will have an excess of 
thermodynamic quantities, like volume and enthalpy, and there will be a driving force to reduce 
these towards equilibrium. 
2.3.1 Background 
Even though the nature of glass formation by amorphous materials (and generally any material 
cooled at a sufficiently fast rate) is fundamental, an accepted theoretical description of the 
process has not yet been forthcoming. However, the qualitative understanding of this 
phenomenon has been much advanced by ideas such as those proposed by Doolittle [42] and 
others recognizing that a reduction of free volume accompanies the changes in the transport 
properties of cooled melts; as well as Kauzmann [43], who advanced the idea that the rapid 
increase in viscosity, η, and structural relaxation times, τ, associated with the glass formation are 
accompanied by a drop in the fluid entropy, S. In fact the drop in S when lowering the 
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temperature is so rapid that its extrapolations 
to low temperatures leads to negative values 
of S at nonzero temperatures, this bizarre 
result is known as the Kauzmann paradox.  
Relaxation of the bulk glasses has been 
studied extensively, but less work on 
relaxation of thin films has been conducted.  
Greiner and Schwarzt [44
Figure 2.6
] have compared 
volume relaxation data, β, obtained from experimental results (see ), plotting 
( ) ∞∞−= vvvδ  against logarithm of the aging time, log ta  where v is the volume at a particular 
time and  v∞ is the equilibrium volume. They compared these results with predicted values that 
assumed volume relaxation to be the experimental evidence of a change in free volume towards 
its equilibrium value, where this change is controlled by a rate equation with one single 
retardation time. 
They also defined relaxation rate as the logarithmic slope of volume relaxation curves in the time 
interval where the specific volume varies linearly with log ta: 
atd
dv
v log
1
−=β  2.15 
Robertson and Wilkes [45
( ) TPatn ,log∂∂
] have used the volume relaxation rate, β, expressed in equation 2.15 
and the concept of polymer densification as the volume is decreased to relate this relaxation to 
the change in refractive index of the polymer with aging time, , obtaining an 
expression that allows the determination of relaxation rate using refractive index changes during 
isothermal aging, 
 
Figure 2.6 – Volume relaxation curves for PS 
compared with the course of prediction [44]. 
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where ( ) 1−dTdn is the change in refractive index with temperature for un-aged materials in the 
glassy state and αg is the expansion coefficient of the material in the glassy state. They found that 
this was an alternative viable method to dilatometry for finding relaxation rates of polymers.  
2.3.2 Thin Polymer Films 
Recently, Priestley et al [46
a
F td
dF
F log
1
0
−=β
] have used an analogue description to relaxation rate based on volume 
relaxation to obtain an aging rate based on fluorescence intensity, 
 2.17 
where F is the fluorescence intensity at aging time ta and F0 is the intensity at t0. They used this 
description to study the relaxation dynamics of layers within the polymer film. They concluded 
that observations could be better explained by a three layer model, proposed by DeMaggio et al 
[47
Richardson et al [
], containing a dead layer at the interface with the substrate, a liquid-like layer at the surface and 
a bulk-like layer in between. They showed that at the substrate interface the relaxation rate can be 
perturbed at least 100nm from the substrate where interfacial hydrogen bonds suppress 
cooperative segmental mobility; as well as showing that near the free surface there is enhanced 
cooperative segmental mobility and a reduced Tg compared to the bulk values. 
37] studied the effects of film thickness on β in freshly spin cast PMMA films. 
They observed β to decrease with decreasing film thickness (Figure 2.7, left). This correlation 
could only mean that a glass that is further away from its equilibrium volume relaxes faster.  
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Figure 2.7 – Relaxation behaviour at 296 K for spin-cast PMMA films of different 
thicknesses (left). Thickness dependence of δ0 for spin-cast PMMA films (right) [37]. 
In order to understand their observations of thickness dependence of β, they studied the increase 
of initial departure from equilibrium thickness, δ0 (defined as ( ) ∞∞−= hhh00δ  where h0 is the 
initial thickness and h∞ is the equilibrium thickness) with increasing h∞. 
What they observed was that δ0  increased with increasing film thickness (Figure 2.7, right). In 
the limit of very thin films, they found initial h0 close to h∞, and δ0 to be small, whereas in thick 
films (500 nm), a plateau value for δ0 of 0.16 was observed, which was close to the volume 
fraction of solvent at the vitrification point.  
The structural relaxation of polymers in confined geometry has been an area of interest since 
Keddie et al [13,14] reported that Tg for thin supported polystyrene films with thicknesses below 
40 nm was found to be below the Tg for the bulk polymer. 
Although there is plenty of evidence for results like those by Keddie et al, the nature of this 
mechanism still remains an unsolved problem. However, the introduction of the notion that the 
dynamic behaviour near Tg is the result of cooperative rearranging regions by Adam and Gibbs 
[48 9] greatly advanced the interpretation of polymer glasses near Tg. Forrest and Mattsson [ ] 
proposed, in relation with the thickness of the liquid-like layer, a model to predict the related 
length scales for cooperative motion below the bulk Tg.  
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Segmental mobility is a necessary precursor to polymer chain diffusion; Frank et al [4] performed 
experiments to examine chain diffusion in polymer films. These lateral diffusion studies in thin 
films have shown a decrease in the lateral diffusion constant implying a lower mobility in films 
with thicknesses below 150 nm. These results are surprising as reported reduction of Tg in thin 
films are associated with enhanced mobility of the polymer at the free surface. 
Kawana and Jones [28] suggested that because segmental mobility near the free surface is 
enhanced, this resulted in a spatially heterogeneous Tg in the vicinity of the surface. An 
examination of the aging process in thin films [49
Their observations of the temperatures of the relaxation peak did not change lead them to 
suggest that the rest of the film behaved in a bulk like fashion. They argue that the interaction 
between PS and the Si substrate was low enough to construct a layer model with no dead layer 
near the substrate interface. 
] provided further insight into the 
phenomenon. They used films that were annealed at 150 ◦C for 24 hours in vacuum to remove 
residual solvent and to reach thermal equilibrium, and then quenched to room temperature. Then 
the films were immediately annealed at the ageing temperature. After 7 days of ageing, films were 
once again quenched to room temperature. They conclude that the intensity of the relaxation 
peaks observed varied inversely with the thickness of the film, suggesting the existence of a layer 
with liquid-like thermal properties and constant thickness. They estimated this layer to be 10 nm. 
2.4 Polymer Blends, Block Copolymers and Nanocomposites 
The relaxation behaviour of homopolymer systems was explored in the previous section. 
We saw how confined geometries perturbed the relaxation dynamics of the polymers due to the 
increased significance of interactions with the interfaces. It is therefore reasonable to ask if 
interactions with other elements in the system perturb the relaxation of the polymer films in a 
similar manner. 
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Polymer Blends and Copolymers 
It is important to note that polymer blends are, in the majority of the cases, immiscible and they 
separate into two phases, a theoretical examination of binary polymer systems can be found in 
literature of which a good example is Strobl [36].  
Recently in studies with polymer blends, Robertson and Wilkes [50
More recently, Gray et al [
] have shown that volume 
relaxation rates behave essentially in a linear fashion with polymer composition at different aging 
times. More interesting is the case of copolymers where the phase separation of the two or more 
chemically distinct components create interfaces that would have a comparable surface as those 
created at the substrate or free interface. Some work has been carried out by Saby-Dubreuil et al 
on statistical copolymers using MMA/nBMA monomers and they reported that the modulus of 
copolymer samples, aged varying the solvent concentration, increased as the proportion of 
nBMA was increased, contradicting the findings of annealed samples. 
51
Polymer Nanocomposites 
] have carried out physical aging and enthalpy relaxation studies that 
revealed differences between the random and gradient copolymers of poly(4-methylstyrene) 
(PMS) and polystyrene (PS), namely with regard to the shapes and locations of the enthalpy 
recovery peaks. When aged isothermally, the gradient copolymers exhibited broad enthalpy 
recovery peaks relatively similar to that of PMS, whereas the random copolymers exhibit 
narrower, sharper enthalpy recovery peaks similar to that of PS. Their results indicate that 
gradient copolymers may exhibit unusual or unique thermal properties relative to conventional 
random copolymers because of the continuous composition gradient along their chain lengths. 
Carbon nanotubes are materials with strong variations in their properties on a very high level. In 
combination with their extremely small size and enormous aspect ratio of up to 10,000, they 
seem to be ideal candidates for the reinforcement of polymer components. As a consequence of 
this interest, a large amount of scientific research has been carried out within the last years 
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focusing on polymer nanocomposites containing carbon nanotubes. This has resulted in the 
recognition of some key problems arising mainly from the small size of the nanoparticle.  
Carbon nanotubes (CNT) are characterized by an extremely high specific surface area of more 
than 1,000 m2 g-1 which can interact with the matrix material and form a strong interface. In turn, 
such a high specific surface area means that interaction forces, mainly the van der Waal forces, 
become very important [52]. These interactions result in increased difficulties when dispersing 
these nanoparticles. As a result, various methods of producing polymer nanocomposites have 
been studied, which can be classified in three methods: mixing in the liquid state, solvent-
mediated processes and in situ polymerization. The idea behind the solvent-mediated processes 
method is to homogeneously disperse nanotubes together with the polymer in a solvent which is 
subsequently evaporated off, leaving a residue of a polymer-nanoparticle mixture. This 
production technique seems to depend on the formation of a stable dispersion [53]. 
Haggenmueller et al. [54] reported large agglomerates in CNT-PMMA nanocomposites, while 
Shaffer and Windle [55
Sonication can be applied to improve the dispersion process considerably. However Lu et al 
reported observations that ultrasonic treatment damaged CNTs and in some cases it reduced 
their length, yielding weaker structures with higher defect densities and lower aspect ratios [
] observed good dispersions up to high loading fractions of 40 wt% 
producing poly(vinyl alcohol)-CNT nanocomposites. 
56
 
]. 
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3 Spectroscopic Ellipsometry and Surface Analysis Techniques 
 
 
The following chapter will discuss the techniques used during this research to obtain 
information about the structure of films and the characterization of surfaces. Special interest will 
be paid to explain the principles of variable angle spectroscopic ellipsometry (VASE) as well as 
effective medium approximation approach (EMA) used to model optical systems. 
Ellipsometry has been used and studied extensively. In 1945 Rothen devised a rotating analyzer 
[57
Ellipsometry’s sensitivity to steps or gradients in complex optical systems allows this technique to 
be used to measure the optical constants (i.e. the real (n) and imaginary (k) components of the 
refractive index), thicknesses of layer structures, interfacial widths and surface roughness. The 
technique has advantages over other laboratory methods. It is a non-invasive technique. Time 
dependent processes can be studied thanks to the speed of measurement. The high sensitivity of 
the technique allows ellipsometry to detect sub-monolayer changes in thickness and determine 
changes in the refractive index on the order of 0.001. 
] and measurements of the ellipticity of light began. 
Although primarily used in simple metrology to determine thickness of semiconductor layers, SE 
has also found footing in the study of thin polymer films and their interfaces [58
14
] as a new non-
destructive method to study fundamental topics such as phase transitions [ ,59
Surface analysis and the study of atomic structures of solid surfaces, has progressed enormously 
with the invention of the Scanning Tunnelling Microscope (STM) and Scanning Electron 
]. 
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Microscopy (SEM). Real-space images of surfaces were already being generated with atomic 
resolution using the STM by Binnig and Rohrer in 1982 [60]. Invention of the STM was closely 
followed by the development of other microscopy techniques which were, in general, named as 
scanning probe microscopes (SPMs), including Atomic Force Microscopy (AFM) [61
These techniques will also be looked briefly in the context of this research. 
]. AFM has 
been used during this research to characterise the surfaces of our films. 
3.1. Variable Angle Spectroscopic Ellipsometer (VASE)  
Ellipsometry determines the change in the state of polarisation (amplitude and phase) of a beam 
of light after specular reflection from a planar surface. This difference in the polarisation is used 
to obtain information about the structure of the surface/interface being studied. The polarisation 
of light is affected by physical properties such as thickness of the film; other physical quantities of 
the material at the interface, like composition and density, affect the refractive index, n, and 
extinction coefficient, k.  
3.1.1. Basic Principles  
Light is described by the solution to Maxwell’s equation for the electromagnetic fields. A plane 
wave, linearly polarised, is shown in Figure 3.1, where the E-field, B-field and direction of 
propagation are orthogonal with respect to each other. Polarisation states are defined in terms of 
the direction and phase of the E-field vector only.  
Linearly polarised light is described as two component waves propagating in phase, along the 
same z-axis, but with orthogonal E-fields in the x- and y-axis. When the magnitude of the  
E-fields in the x- and y-direction is equal, but there is a 90º phase difference between the waves, 
then the polarisation state is known as circular. However, in general, the E-fields in the x- and  
y-direction do not need to be equal in magnitude and can have any phase difference between the 
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waves. In these cases the polarisation is termed elliptical. We can then consider linearly and 
circular polarised light as special cases of elliptically polarised light. 
 
Figure 3.1 – Electromagnetic plane wave linearly polarised [62
When we consider this linearly polarised wave incident on the interface between two optically 
isotropic media, the fraction of the intensity of incident wave that is reflected from the interface 
is given by the reflection coefficient, r, however r is dependant on the polarisation of the incident 
wave. The wave component, with the electric field of the wave polarised perpendicular to the 
plane of incidence is termed the s- component, while the component polarised parallel to  the 
plane of incidence is termed p- component [
] propagating in a medium with 
no absorption (k = 0). E-field, B-field and direction of propagation are all orthogonal with 
respect to each other. 
63
Figure 3.2
]. 
 (left diagram) shows the geometry of the wave incident on an interface from which we 
can obtain the reflection amplitude ratios also known as the Fresnel coefficients of reflection, for 
the s-polarised, rs, and p-polarised, rp [64
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where θi and θt are the incident and refracted angles and are related by Snell’s law. 
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Equations 3.1 and 3.2 are concerned with the light wave incident on a single interface; however 
ellipsometry is used to determine the optical constants of single layer or multilayer structures 
which contain multiple interfaces. In such cases, the incident wave will experience multiple 
reflections within the film, as shown in Figure 3.2 (right diagram), which would contribute to the 
final measured reflected wave.  
 
Figure 3.2 – Schematic figure showing the reflection of a beam at the interface of a bulk 
material (left) and a thin film (right) with the corresponding incident and reflected E-field 
amplitudes Ei and Er from which the Fresnel coefficients of reflection can be obtained. 
The s- and p-polarised wave reflection coefficients in this case have been shown to be [63]: 
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where ( ) 11 cos 2 θλπδ dñ=  and rab is the reflection coefficient for the wave incident in the 
interface between medium a and b [63]. 
Ellipsometry then measures the change in the state of polarisation (amplitude and phase) of a 
beam of light after reflection from a planar surface using the ellipsometric angles ψ and Δ. 
The Fresnel reflection coefficients can also be expressed to relate the angles ψ and Δ and the 
optical parameters n, k and thickness of a film. This reflection coefficient is a ratio of the electric 
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field vector Ar of the reflected wave to that of the incident wave Ai in terms of the amplitudes of 
both waves, and the associated phase change ( )ir dd − due to the reflection, 
( ) ( )ir ddiir eAAr −=  3.5 
Before a beam reflects off the plane of a sample (see 1. in Figure 3.3), the polarisation of the light 
is characterised by an amplitude ratio, sp AA , and a phase difference, ( )sp dd − , of the two 
components of the p- and s-plane, where p-plane is defined as the plane of incidence, and the s-
plane is orthogonal to the direction of propagation and the p-plane. 
Once the beam is reflected (see 2. and 3. in Figure 3.3), both the amplitude ratio and phase 
difference of the beam will change. The difference in phase from the incident (superscript i) and 
reflected beam (superscript r) defines Δ,  
( ) ( )isiprsrp dddd −−−=∆  3.6 
And the ratio of the amplitude ratios will define the angle ψ, 
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Figure 3.3 – Ellipsometry experiment, showing the geometry of the p- and s-plane reflection 
of a sample surface and the graphical representation of ψ and Δ.  
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The reflection of a wave of any polarisation is given by the two coefficients rp and rs of the 
component waves corresponding to the p- and s-plane. The ratio of these is, 
( )isiprsrp ddddi
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Ellipticity, ρ, is defined as the ratio of the Fresnel coefficients, rp and rs. 
s
p
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r
=ρ  3.9 
This ratio, related to the experimental quantities ψ and ∆, can be expressed in terms of these 
angles combining equations 3.6 to 3.8 in the following expression:  
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r
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)tan(ψρ  3.10 
For a single interface between two semi-infinite media, ψ and Δ will be defined as a function of 
the angle of incidence of the beam and of the refractive indices of the two materials at the 
interface, which vary with wavelength of the beam as a result of optical dispersion. When a thin 
film is placed between a substrate and a second medium (e.g. air) the reflection coefficients 
change due to the thickness and the optical properties of the new layer. It is then possible to 
obtain information about thin films properties (n, k and thickness) on substrates from ψ and ∆ . 
In the case of materials with absorption of light, the amplitude of an incident wave would decay 
exponentially as it propagates through the medium when the extinction coefficient, k, is of non-
zero value [63]. The wave would decay 1/e of its initial amplitude after travelling a distance 
known as the penetration depth, Dp: 
k
Dp π
λ
2
=  3.11 
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It is important to note since the penetration depth limits the thickness of films that ellipsometry 
can study. In metals, where the extinction coefficient is rather large, the penetration depth would 
be tens of nanometres. 
3.1.2 Rotating-Analyser Spectroscopic Ellipsometer 
Ellipsometers can be constructed with several configurations. However all ellipsometers have the 
same basic functional elements: A light source, a polarisation element, the sample under study, an 
analyser and a detector [65
This research used a rotating analyser VASE®, manufactured by J. A. Woollam Co. Inc. The 
advantages of the rotating analyser configuration are manifold, only two polarisers are required 
(polariser and analyser). Because a modulator is not required, the system is achromatic over wide 
range of wavelengths; this makes the instrument easy to align and allows measurements of ψ and 
Δ over a wider range of wavelengths. The precision of an ellipsometer whose rotating analyser 
has a frequency between 50 to 100Hz can, in theory, detect surface layers of 0.1Å over a 7 
seconds averaging time [
]. 
66
However a system without retarder exhibits a loss of sensitivity when Δ is 0º and 180º (when the 
beam is nearly linearly polarised). Furthermore, the ellipsometer is unable to distinguish 
measurements of Δ between 0º and 180º to those between 180º to 360º, this becomes a particular 
problem when studying dielectric-like transparent bulk samples [
]. In order for the detector to obtain a monochromatic beam, the 
systems has to include a monochromator, which, in the case of the rotating analyser VASE®, 
manufactured by J. A. Woollam Co. Inc., is placed at the source of the light beam. This means 
that at the detector, the monochromatic probe beam has to compete with the ambient light 
intensity at all wavelengths. However, the design of the ellipsometer used easily resolves this by 
using a chopped probe beam and synchronous detection techniques. 
58]. This is not a problem, 
however, if the sample has a thin layer, exhibits optical absorption or has surface roughness at the 
interface. 
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Figure 3.4 – Operational diagram of a rotating analyser ellipsometer arrangement. 
Monochromatic light is emitted by a source, then polarised and after interacting with an 
optical system the beam is analyzed and detected by a photodetector.  
Figure 3.4 shows the operational diagram of the rotating analyser configuration. Unpolarised, 
monochromatic light is linearly polarised by the polariser, then elliptically polarised by the sample 
and finally a continuously rotating analyser transforms the beam that the photomultiplier detects 
as a sinusoidal signal with an offset which can be represented by the following equation: 
( ) ( ) ( )tbtaDCtV ωω 2sin2cos ++=  3.12 
It is this sinusoidal signal that allows the determination of ψ and Δ by relating the normalised 
Fourier coefficients of the signal, α and β, to ψ and Δ and the polariser known azimuthal angle, 
P as follows [62]: 
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A simple inversion of equations 3.13 and 3.14 will yield the desired ellipsometric angles ψ and Δ. 
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3.1.3. Analysis of Optical Data in WVase32  
Ellipsometry is a model dependent technique. Experiments record angles ψ and ∆ as a function 
of wavelength, angle of incidence and time of measurement. Regression analysis of the acquired 
optical data is required to obtain information about the physical system under study. 
For this analysis we require an optical system model of the sample being studied. This model 
includes a number of different layers as well as the substrate on which the film is supported. The 
minimum numbers of parameters for the model to represent accurately our system are the optical 
constants of each of the materials each layer is made of and the thickness of the layer. The model 
then generates ellipsometric data and the parameters are then adjusted until the generated data 
closely matches that of the experiments. Figure 3.5 shows a flowchart describing this process. 
 
Figure 3.5 – Flowchart of ellipsometric experiment and fitting process. To obtain information 
of about the sample, an optical model is constructed, data is generated and the parameters of 
the model adjusted until a good fit is obtained. When the fit is good, the parameters in the 
model are then used as the physical properties of the sample.  
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WVase32 uses the mean square error (MSE) to determine the degree of validity of the fitted 
data [62]. These values are calculated using the expression: 
2
2
1 χ
MN
MSE
−
=  3.15 
where N is the number of ψ and Δ pairs, M is the number of variable parameters in the model 
used and χ2 is the sum of the squares of the differences between the measured and the calculated 
data, with difference weighted by the standard deviation of that measured point. This will make 
noisy data with a large standard deviation, contribute less to the MSE. The Levenberg-Marquardt 
algorithm [67
Effective Medium Approximation  
] was used by the software to find the best fit using MSE. 
It is sometimes necessary, in order to interpret ellipsometry data, to calculate the refractive index 
of a composite material consisting in a mixture of known volume fractions of two or more 
materials. There are many mathematical models in literature to calculate the effective optical 
constants of a composite material; these are commonly known as effective medium approximation 
(EMA) [68
Throughout this thesis, the Maxwell-Garnett EMA model [
]. 
69
The Maxwell-Garnett model assumes spherical inclusions of one or two materials, B and C, 
within the matrix of a third material A. The dielectric constant of the composite material, ε, is 
then related to the dielectric constants of the constituent materials by: 
] was used to calculate the effective 
optical constants of layers representing surface roughness or the polymer/solvent volume 
fraction of thin films (see Chapter 5). This EMA model is a convenient method of relating the 
polymer density to the refractive index if we consider the film or layer to be composed by a 
mixture of fully dense polymer (refractive index of bulk polymer) and voids (ε = n2 = 1) or 
solvent (refractive index different from polymer). 
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 3.16 
where εA, εB and εC are the dielectric constants of materials A, B and C, and fB and fC are the 
volume fractions of components B and C, respectively. It is assumed that 1<+ CB ff  and if fA is 
the volume fraction of the host matrix, then it is assumed that 1=++ CBA fff  [68]. 
Cauchy Dispersion 
When using several wavelengths to obtain ellipsometric angles, it is desirable to minimize the 
number of parameters in the model. For this reason, the optical constant spectrum of a polymer 
film is obtained instead of individual values for each wavelength. A parametric model is used for 
this, which allows one to reduce considerably the number of parameters needed to fit. Using this 
technique, an expression is found for the film optical constants as a function of wavelength, and 
the parameters in this expression are varied to fit the data rather than varying the optical 
constants directly. In the case of polymers, a Cauchy parameterization was used to produce these 
spectra, 
( ) ...42 +++= λλλ
CBAn  3.17 
Where A, B and C are the parameters to fit and λ is the wavelength in microns. Contributions to 
n(λ) after the third parameter, C, are negligible. 
Figure 3.6 shows data obtained from a 136nm P(tert-BMA) film after spin-casting. The 
ellipsometer collected both ψ and ∆ as a function of λ at the angles of incidence. Using a model 
introduced in the software, containing a substrate layer (Si with a natural oxide layer, SiO2) and a 
layer with Cauchy dispersion parameters to simulate the polymer film, data was generated and 
then fitted to the experimental results using the process previously described.  
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Figure 3.6 – 136nm P(tert-BMA) film, data modelled and fitted to experimental data for ψ and 
∆ data was taken over a wide spectral range (400 to 800 nm) and over three different 
angles of incidence to reduce noise and errors. The difference between the experimental and 
generated data can be seen on the right hand side graph.  
The parameters of the Cauchy dispersion were adjusted accordingly, to obtain the minimum 
difference between experimental and generated data (right hand graphs in both figures).The 
discrepancies between calculated and experimental data of ψ, are small and the differences can be 
seen to be constant over the whole spectrum used, this indicates that the values of thickness and 
refractive index fit the data over all wavelengths used. If this were not the case, the difference 
would be seen to increase or decrease with wavelength in an upward or downward trend. The 
discrepancy shown for Δ, in Figure 3.6 is localised in the region of 600nm wavelength. This 
indicates that a wavelength component of the dispersion, B in equation 3.17, parameter does not 
fit properly around that region. Using surface roughness (a layer used to represent the interface 
between the polymer film and air when the interface is not sharp) corrects these small deviations 
from the fit.  
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3.2 Atomic Force Microscopy (AFM) 
In the early 1980's scanning probe microscopes (SPMs) dazzled the world with the first real-space 
images of the surface of silicon [60]. Now, SPMs are used in a wide variety of disciplines, 
including fundamental surface science, routine surface roughness analysis, and spectacular three-
dimensional imaging, from atoms of silicon to micron-sized protrusions on the surface of a living 
cell. 
The scanning probe microscope is an imaging tool with a vast dynamic range, spanning the 
realms of optical and electron microscopes. It's also a profiler with unprecedented 3-D 
resolution. In some cases, scanning probe microscopes can measure physical properties such as 
surface conductivity, static charge distribution, localized friction, magnetic fields, and elastic 
moduli. As a result, applications of SPMs are very diverse. 
3.2.1 Basic Principles 
Image acquisition with tunnelling microscopy requires the probe and the surface of interest to be 
conductive. This requirement is particularly limiting when polymers are being studied. The 
microscope that was developed to overcome this drawback is the atomic force microscope 
(AFM) [61]. AFM is one of the most important tools to image a number of distinct properties of 
samples like topography, elasticity and chemical functionality, with nanometre scale resolution in 
vacuum, air and liquid environments. 
AFM probes the surface of a sample with a sharp tip, a couple of microns long and often less 
than 100Å in diameter. The tip is located at the free end of a cantilever that is 100 to 200μm long.  
Figure 3.7 shows the components of an AFM. These consist of a probe, where a tip is located at 
the free end of a cantilever, a detector, to sense the deflections on the cantilever, a high voltage 
amplifier, a xyz piezo scanner, and a feedback controller.  
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Computer software constructs the surface topography of the sample from the measured 
deflections. In most designs, the tip/sample distance and tip deflection is fixed. The piezoelectric 
moves the sample to maintain this condition. Images are then constructed from the piezo 
displacements. The cantilever deflects according to the Hooke’s Law, where the spring constant 
of cantilever is known. Most of the AFMs detect the cantilever deflections optically. In the 
optical techniques, a laser beam bounces off the back of the cantilever onto a position sensitive 
photo detector. Bending of the cantilever leads to the change of the position of the laser beam on 
the detector. The detector can measure displacements of light as small as 10Å. Optical detection 
methods require precise alignment of laser on the cantilever [70
Forces between the tip and the sample surface cause the cantilever to bend, or deflect. A detector 
measures the cantilever deflection as the tip is scanned over the sample, or the sample is scanned 
under the tip. The measured cantilever deflections allow a computer to generate a map of surface 
topography. AFMs can be used to study insulators and semiconductors as well as electrical 
conductors.  
].  
 
Figure 3.7 – Diagram of the components of an AFM and scanning modes. (a) shows the 
constant height mode while (b) shows constant force mode. Optical detection of cantilever 
deflection by the laser is also shown on right diagram.  
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An AFM has two main modes of operation under which it can acquire the information with the 
probe: constant-height and constant-force modes. In constant-height mode, seen as (a) on the 
left of Figure 3.7, the spatial variation of the cantilever’s deflection is used to directly construct a 
topographical image of the surface. This mode is often used for acquiring atomic-scale images of 
flat surfaces. On rough surfaces, it can easily damage the AFM probe. The scanning speed is 
mostly limited by the cantilever’s resonant frequency. In constant-force mode, seen as (b) on the 
left of Figure 3.7, the cantilever’s deflection is used as input to a feedback circuit that moves the 
scanner up and down in the direction of the z-axis, responding to topographical changes by 
keeping the cantilever deflection, and therefore also the tip-sample interaction force constant. 
Several forces typically contribute to the deflection of an AFM cantilever. The force most 
commonly associated with atomic force microscopy is an interatomic force called the van der 
Waals force although electrostatic forces and capillary forces also contribute to the deflection of a 
cantilever depending on the operation mode and the environment. The dependence of 
interatomic forces upon the distance between the tip and the sample is shown in Figure 3.8 
 
Figure 3.8 – Dependence of the interatomic force on the distance between the AFM probe 
and the sample surface. Different operation distances for the various modes, contact, non-
contact and semi-contact, are also plotted on the curve and highlighted in red.  
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3.2.2 Contact Mode 
In the contact mode the distance between the probe and the surface is less than few angstroms, 
(to the point where the electron clouds of the tip and surface overlap) making a soft contact with 
the sample surface. AFM tips are attached to the end of the cantilevers having a low spring 
constant. In this mode mainly repulsive forces from electronic overlap and the attractive capillary 
forces are effective in the bending of the cantilever. Capillary forces are due to a thin water layer 
covering the surface and they apply a strong attractive force (~10-8 N) which holds the tip in 
contact with the surface.  
Initially, during the scan, the cantilever and tip approach the surface, the distance between the 
sample surface and tip atoms are within the nanometres range. As the AFM tip gets closer to the 
sample surface, atoms start to weakly attract each other. Attractive forces increase as the 
interatomic separation between tip and surface decreases. However when the atoms are in 
contact the repulsive forces become dominant. These repulsive forces balance almost any force 
that attempts to push the atoms closer. This means that when the cantilever pushes against the 
sample, the cantilever deflects upwards. 
Apart from deflecting in the normal direction, the cantilever can also deflect laterally [71
3.2.3 Non-Contact Mode 
]. There 
are two sources for lateral deflection: changes in surface friction or changes in local slope.  
In this mode the distance between the AFM probe and the surface is kept in the range of 10 to 
100 Å and the cantilever is oscillated, with amplitude A0 near the sample surface, see diagram (a) 
in Figure 3.9, close to or at one of its resonance modes. In this mode the total force between the 
sample and the probe is very small, about 10-12 N. The tip is scanned very slowly across the 
surface so that each pixel in the image represents an average of several hundred oscillations. 
Long-range interactions between the tip and the sample, more precisely their gradient, contribute 
to the effective spring constant of the cantilever, changing its resonant frequency [61]. Changes in 
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the oscillating amplitude, frequency and phase are tracked and used to control the tip-sample 
distance [72
Because the forces between sample and probe are so small, non-contact mode is preferable to 
study soft or elastic samples to prevent damaging the surface topography of the sample with the 
tip of the probe. 
]. A feedback loop is used to maintain either the resonant frequency or the oscillating 
amplitude constant by moving the scanner in the vertical direction. 
3.2.4 Semi-Contact Mode 
In semi-contact AFM mode, used throughout this thesis, the cantilever is oscillated, with free 
amplitude A0 near the sample surface as in non-contact mode [Figure 3.9 (a)]. However, the 
AFM tip is brought closer to the sample until it hits the surface at the bottom of each oscillation 
cycle. The set-point amplitude, Asp, is the amplitude of the cantilever when it has been reduced by 
contact with the sample [Figure 3.9 (b)]. 
 
Figure 3.9 – Parameters describing the tip-sample system in semi-contact mode. (a) The 
cantilever is away from the surface and oscillates freely with amplitude A0. (b) The tip just 
touches the surface at the lowest point of its oscillation. A0 is equivalent to the real amplitude 
of the cantilever Asp, since there is no indentation into the surface (and short-range 
interactions are neglected here). Asp also is equal to the tip-surface distance and the setpoint 
distance, dsp [73]. 
  Spectroscopic Ellipsometry and Surface Analysis Techniques 
 47 
The surface topography is tracked by scanning the sample with respect to the probe and adjusting 
its height to maintain constant cantilever oscillation amplitude (constant set-point 0AAS sp= ) 
When the AFM is operated at a frequency, f, below the resonant frequency of the cantilever, f0, 
the average force of the tip in semi-contact mode is: 
( )
Q
ASkF cav 012
1
−=  3.18 
where kc is the spring constant of the probe cantilever and Q is its quality factor determined from 
the width of the resonance peak [74
An AFM image is then gathered by monitoring the changes in the oscillation amplitude of the 
cantilever or the piezo-scanner. Lateral and shear forces between the sample and the AFM tip are 
reduced during semi-contact mode, in which the tip intermittently taps the surface. In addition, 
the measurement of the phase lag of the cantilever oscillation with respect to the excitation force 
contains information about the interaction between the tip and the sample, allowing 
compositional contrast on heterogeneous surfaces.  
]. 
Semi-contact mode phase imaging can differentiate between areas with different properties 
regardless of their topographical nature. The phase angle is defined as the phase lag of the 
cantilever oscillation relative to the signal sent to the piezo driving the cantilever [75
3.3 Scanning Electron Microscopy (SEM) 
]. 
The scanning electron microscope (SEM) is used to study the surface of materials rather than 
their internal arrangement. This instrument differs from all other conventional microscopes, 
using light or electrons, in forming its image progressively and not all at once. 
Electro-optically, the SEM has little in common with other electron microscopy techniques such 
as transmission electron microscopy, TEM, apart from the use of an electron gun and a 
condenser lens system to produce a focused electron beam. These two or three lenses are the 
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only ones in the column - there are no lenses after the specimen but an electron collector. As 
illustrated in Figure 3.10 a very fine beam of electrons with energies up to 30 keV is focused at 
the surface of the specimen in the microscope and scanned across it in a pattern of parallel lines. 
A number of phenomena occur at the surface under electron impact: most important for 
scanning microscopy are the emission of secondary electrons (originating from specimen atoms 
by collision with high energy electrons, be it primary electrons entering the specimen or 
backscattered electrons on their way out of it) with energies of a few tens of eV, and re-emission 
or reflection of high energy backscattered 
electrons from the primary beam [76
Secondary electrons provide their image 
contrast because they are generated at the 
sample surface and provide good image 
contrast related to the sample topography. 
However backscattered electrons provide 
contrast featured to the image because when 
interacting with atoms in the sample, high Z 
elements cause higher backscattering energy 
than low Z elements. 
]. 
The intensity of emission of secondary and 
backscattered electrons is very sensitive to the 
angle at which the electron beam strikes the 
surface, i.e. to topographical features on the 
specimen. The emitted electron current is 
collected and amplified. Due to their low 
energy, these electrons must originate from 
 
Figure 3.10 – SEM components diagram.  
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within a few tenths of a nanometre from the surface. The brightness of the signal depends on the 
surface area exposed to the primary beam that is relatively small for a flat surface, but increases 
for steep surfaces. Thus steep surface and edges tend to be brighter than flat surfaces, giving 
images with good three-dimensional contrast. Variations in the resulting signal strength as the 
electron probe is scanned across the specimen are used to vary the intensity of a corresponding 
spot of a raster image synchronous with the probe. A standard instrument can usually reach a 
resolution of less than 10 nm. 
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4 Structural Relaxation in Spin Cast Thin Polymer Films 
 
 
The volume relaxation of a polymer glass is known as physical ageing. The relaxation 
takes place because the polymer is in a non-equilibrium state; it has an excess of thermodynamic 
quantities, like volume and enthalpy. A polymer reaches this non equilibrium state when it has 
been cooled from its equilibrium liquid state, below its glass transition temperature (Tg), freezing 
the structure of the matrix [41].  
Mobility of the molecules is then greatly slowed to an extent that the molecular rearrangements 
needed to accommodate the change in temperature require longer time than that available with 
the cooling rate. The polymer will then have an excess of thermodynamic quantities, like volume 
and enthalpy, and will have a driving force to reduce these towards equilibrium [16,77
Most of the studies carried out to date have investigated these effects and other characteristic 
properties using temperature to control the speed of the relaxation process [
].  
49,78] and have 
found thermal expansion of the glassy and rubbery phase and glass transition to be little 
influenced by film thickness for films thicker than 50nm.  Recently, however, focus has been 
drawn to solvent loss from thin polymer films [79,80
80
] and to obtaining a detailed analysis of the 
glass transition domain performed by varying the solvent concentration. Saby-Dubreuil et al. [ ] 
have found that complex phenomena occur in this domain and that there is a strong coupling 
between drying dynamics and stress relaxation (e.g. increase of bulk modulus as proportion of  
poly(norm-butyl methacrylate) increases in the co-polymer stands contrary to the properties of dry 
annealed samples).  
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This chapter will concentrate on the behaviour of thin spin-cast films of pure poly(butyl 
methacrylate) from a toluene solution, with special regard to the differences found in solvent 
retention and relaxation of the films over ageing time in vacuum for the two isomers:  
poly(norm-butyl methacrylate) [P(norm-BMA)] and poly(tert-butyl methacrylate) [P(tert-BMA)]. 
Solvent content of the film after spin casting is an important factor in commercial applications, 
from lithography to food and coatings industries. For this reason we want to answer what 
fractional amount of solvent in a film, φsolv, corresponds to the critical fraction required, φc, to 
lower the glass transition temperature, Tg, of the film to the temperature of spin casting? These 
effects on Tg induced by solvent content of the film are discussed. 
Furthermore, blended systems where P(tert-BMA) and PMMA are mixed at different blend ratios 
and a 1:1 block co-polymer are then studied. These results are then used to determine, in Section 
4.2 of this chapter, if, after spin casting the films from dilute solutions, the polymer relaxes as the 
solvent departs or if there are voids being created in the film.  
A further study was carried out where φc was adjusted through the Tg of the solvent and the 
polymer (using polymer tacticity) in the system, examining if the effects can determine if there is 
a correlation between φc and δ0 is also reported in Section 4.3. A summary of this chapter can be 
found in Section 4.4.  
4.1 Study of Poly(Butyl Methacrylate) Thin Spin Cast Films 
Poly(butyl methacrylate) is a suitable polymer to use in this study because two of its 
isomers, namely P(norm-BMA) and P(tert-BMA), have a large difference in their Tg while their 
chemical compositions remain the same and therefore differences in interactions with solvent or 
silicon substrate would not significantly affect our study. P(norm-BMA) is a polymer with a Tg of 
20°C [81] which is below the experimental temperature, which remained around ~23°C. 
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Therefore it remains rubbery throughout the experiments. In contrast, P(tert-BMA) has a Tg of 
107°C [81], below which the polymer forms a glass and its relaxation is thus affected. 
We would then anticipate a different behaviour between the two isomers when spin cast from a 
solution.  P(tert-BMA) and P(norm-BMA) films were prepared and run to explore the differences 
between rubbery and glassy behaviour. Film thickness was kept constant at 130nm to minimize 
thickness effects on the samples. Films were then aged at room temperature (23°C) in vacuum 
for different periods of time, from 0 hours to 24 hours, to allow solvent to leave the film and for 
the structure to relax. 
The polymers used were provided by Polymer Source Inc. The molecular weight of two polymers 
was comparable with 182k for P(norm-BMA) and 138k for P(tert-BMA). Polymerization degree, 
N, for the polymers used was 1281 for P(norm-BMA) and 978 for P(tert-BMA) and their  MW 
dispersion (Mw/Mn) was 1.06 for P(tert-BMA) and 1.02 for P(norm-BMA). 
 
Figure 4.1 – Ellipsometer and in-situ heating stage setup. The heating stage (red box and 
white control module on the right) placed onto the ellipsometer stage (blue box) to allow for 
in-situ departure from equilibrium thickness measurements.  
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Ellipsometry measurements were taken as a function of time over multiple wavelengths, placing 
the films on the ellipsometer stage previously fitted with an in-situ heating stage, Figure 4.1. A 
constant heating rate was set to 2°C min-1 from room temperature (~23°C) to a maximum of 
150°C, to avoid any polymer decomposition [82
4.1.1 Measuring Thin Film Relaxation  
], and then cooled with an equal but opposite 
rate of -2°C min-1. The ellipsometer recorded the angles Ψ and ∆ as a function of time; this was 
later correlated to temperature. 
The following figures will illustrate how information gathered with the ellipsometer about the 
change in angles Ψ and ∆ can yield, by fitting to the correct model, values for the change in 
thickness, h, and in refractive index (i.e. the first parameter A in the Cauchy dispersion model) as 
a function of time. Since we know the temperature gradient throughout the experiment, time can 
later be correlated to temperature. In these experiments it was convenient to record both heating 
and cooling of the film in the same file. 
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Figure 4.2 – Ellipsometric Ψ and ∆ data from a 123nm P(tert-BMA) film as they were heated 
at 2°C min-1 to 150°C and then cooled at opposite rate; these dynamic scans over time were 
also used to obtain h0 to calculate initial departure from equilibrium, δ0. Wavelengths used are 
from bottom up: 500, 510, 520, 530, 540 and 550nm. 
Figure 4.2 shows Ψ and ∆ as taken by the ellipsometer during a dynamic, time dependant, scan 
on 6 selected wavelengths (from bottom up: 500, 510, 520, 530, 540 and 550nm). To this data we 
would need to fit a model, selecting the parameters we would like to obtain for each time point. 
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In this study we chose to fit thickness, h, and the parameter A of the refractive index in the 
Cauchy dispersion model. As we are mainly concerned about thickness and index changes, and 
since fitting additional parameters only decreases the reliability of the data fitted, as seen in 
Chapter 3, only two parameters were fitted. 
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Figure 4.3 – Fitted data from model to ellipsometric Ψ and ∆ data for P(tert-BMA) film 
shown in Figure 4.2. The fit quality can be clearly seen as the model data (red) coincides with 
experimental data (green).  
Figure 4.3 shows how the fitted model produced values (red line) for Ψ and ∆ that match the 
experimental data (green lines) extremely well, indicating that the model used is reliable. 
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Figure 4.4 – Parameters fitted to obtain model shown in Figure 4.3. Thickness change over 
time was fitted to data and shown on left. The refractive index Cauchy parameter ‘A’ was also 
fitted and is shown on right. Note that both heating and cooling trajectories are present in the 
experimental data. 
Figure 4.4 shows the parameters fitted in the model, thickness h and refractive index parameter 
A, as they change with time. Relaxation processes are normally observed in bulk polymers by 
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measuring the volume of the glass, Vt, at a given time. Relative departure from the equilibrium 
volume, δ, is then defined as [16]: 
∞
∞−=
V
VVtδ  4.1 
In an analogy to bulk behaviour, in thin films, we can monitor the relaxation by measuring the 
thickness of the glass, ht, at a given time. A final equilibrium value for the thickness, h∞, can be 
obtained from a full spectroscopic scan, seen in Figure 4.5, taken at room temperature after the 
six-wavelength dynamic scan in which the sample was heated to release all traces of trapped 
solvent and cooled at a constant rate to equilibrate the thickness. 
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Figure 4.5 – Ellipsometric Ψ and ∆ data for a full spectroscopic scan from a 106nm P(tert-
BMA) film. Three different angles are chosen and readings are taken every 5nm for the 400-
800 nm wavelength range. These scans take about 20 minutes to complete and are much more 
accurate but because of the time delay, their use is very limited when used to obtain 
information about fast processes. The fit of the model (red) to the data (green) is very good, 
giving this solution of the model a high degree of confidence. 
The relative departure from equilibrium, h′, defined as the excess thickness normalised with 
respect to h∞, can be calculated as 
∞
∞−=′
h
hhh t  4.2 
We have chosen to express thickness changes as relative departure from equilibrium, h′, because 
it allows us to compare films of different thicknesses as well as being a form of analysis widely 
used in the literature [44,77,83,84,85,86,87,88]. Initial point of the data, at t = 0 is assumed to be 
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h0 to calculate initial departure from equilibrium, δ0. The results from this analysis, the change in 
thickness plotted against temperature (once time has been correlated) can be seen in Figure 4.6.  
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Figure 4.6 – Relative departure from equilibrium thickness for a P(tert-BMA) film. h′ over 
time is shown (left). Correlation of time to temperature, with 2°C min-1 rate for both heating 
and cooling is also shown (right). Initial point of the curve is assumed to be h0 to calculate 
initial departure from equilibrium, δ0. Final thickness h∞ is obtained from a more precise full 
spectroscopic scan at room temperature taken after this six wavelength dynamic scan.  
Once time and temperature of the experiment have been correlated, as seen in the right plot of 
Figure 4.6, we can clearly differentiate the heating and cooling phases of the experiment. We can 
also see how the experiment starts at a certain relative departure from equilibrium thickness and 
on cooling this approaches and reaches 0. Further analysis will be done later on in the chapter, to 
obtain values such as expansivity, neat polymer glass transition temperature and others from the 
data collected in the course of these experiments. 
4.1.2 Solvent Induced Transitions  
Figure 4.7 shows a schematic representation of the thickness versus temperature of a freshly spin 
cast rubbery polymer film and a glassy polymer film after solvent quench (glass formation 
induced by solvent loss). 
The plot on the left shows a rubbery film, one whose glass transition temperature is well below 
that of the experimental conditions. Here we would find that the initial thickness of the film, 
being fully relaxed holds no solvent and it is equal to the final thickness of the film once it has 
been cooled down from the melt. 
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Figure 4.7 – Schematic representation of the behaviour of thin films after spin-cast in glassy 
and rubbery regimes. Left plot shows how a rubbery film holds no solvent and has a glass 
transition temperature below room temperature while a glassy film, right plot, shows trapped 
solvent in the form of an excess thickness, ht-h∞, and an apparent glass transition at Tg* due to 
the presence of solvent in the glass.  
The plot on the right, however, represents a solvent quenched glassy film, initially found in a  
non-equilibrium thickness, ht. As temperature is increased at a constant rate from Troom, the film 
initially expands with a gradient characteristic of this glassy region and known as the expansion 
coefficient for the glass (blue). Because there is solvent inside the polymer film, the glass 
transition of the film exhibits a depression from the value of the dry polymer glass transition. 
When this new ‘apparent glass transition temperature’, Tg*, is reached, the film becomes rubbery, 
allowing the solvent to freely depart causing the film thickness to collapse (see Figure 4.7 right 
plot, the depression of thickness after Tg*). This thickness decrease is finally arrested when no 
more solvent remains in the film and the only factor contributing to the thickness change is the 
expansion coefficient of the film. Once the film is heated over the glass transition temperature, 
Tg, the film starts to relax towards the equilibrium thickness at that temperature. After reaching 
relative equilibrium thickness at the experimental temperature, we see how the behaviour follows 
the expansion coefficient of the rubbery phase for that polymer (black line). However, as we cool 
down the film with the same temperature gradient as we heated, the film relaxes (black line) 
following the behaviour of the rubbery phase until a temperature Tg is reached, where the times 
required for changes in the molecular structure are longer than those allowed by the cooling 
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gradient, after which the film undergoes a transition to the glassy state and thickness change is 
characterised by the expansion coefficient of the glass region (light blue line). Finally the film 
reaches an equilibrium thickness, h∞, at room temperature. 
Figure 4.8 and Figure 4.9 show typical data to illustrate the differences between spin cast thin 
films of both poly(butyl methacrylate) isomers. P(norm-BMA), Figure 4.8, a rubbery polymer at 
room temperature, showed no glass transition as the temperature of the experiment raised from 
room temperature (~23°C) to 130°C. The expansion coefficient calculated from the obtained 
data (α = 7.3 × 10 -4 K-1) agrees with literature values [81] (α = 7.0 × 10 -4 K-1). Evidence that a 
rubbery polymer retains no solvent in its structure can be seen from the superposition of both 
heating and cooling curves. This result clearly agrees with Leibler and Sekimoto [89 31, ] showing 
that an important factor in solvent retention must be the change in bulk modulus of the polymer 
as it undergoes transition from rubbery to glassy phase. They proposed that the chemical 
potential of the solvent in a polymer solution should be modified from the standard Flory-
Huggins expression when the polymer becomes a glass adding an additional term which is a 
function of the polymer bulk modulus. This result has not been shown previously for thin spin 
cast films. 
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Figure 4.8 – P(norm-BMA) film heated from room temperature to 130°C at 2°C min-1 then 
cooled to room temperature at the same rate. Graph shows how a rubbery polymer behaves. 
No glass transition is seen at any temperature and heating and cooling curves almost overlap 
perfectly. Expansion coefficient calculated from data (α = 7.3 × 10-4 K-1) agrees with data 
found in the literature [81] (α = 7.0 × 10-4 K-1)  
Figure 4.9 shows a different picture. P(tert-BMA) has a glass transition well above room 
temperature, 107°C. Initially, as the temperature rises, the film exhibits a thermal expansion 
consistent with the literature values for glass expansion coefficient. However, if the film 
contained no solvent, we would expect the rising trend to continue until it approached the neat 
polymer glass transition temperature at which point the polymer molecules would have the 
required mobility to relax to relative equilibrium at that temperature. This is clearly not the case, 
as the film’s expansion is arrested when reaching 47 ± 3°C. We interpret this as being an apparent 
glass transition temperature (black arrow) of the glassy polymer matrix. If we consider that there 
is some solvent trapped in the polymer matrix, then below this temperature, 47 ± 3°C, the 
solvent is unable to leave the structure as this would require a compression of the matrix 
(assuming no voids are created) and this compression is opposed by a distortion energy [1].  
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According to Kelley-Bueche polymer/solvent system description [38], the Tg of a film, which 
contains both polymer and solvent in certain quantities, depends on the amount of solvent 
present. The solvent volume fraction φsol when the Tg of the solution is at the temperature of the 
solution during casting, designated from now on as φc, can be estimated via an equation derived 
from free volume arguments [38]. From this, we can calculate the amount of solvent that needs 
to be present in the film to reach the glass transition at a certain temperature:  
( )
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φαφ
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 4.4 
where αs and Tgs are the expansion coefficient and the glass transition of the solvent, φp and Tgp 
are the weight fraction and the glass transition of the polymer, and c is an empirical constant [39]. 
 
Figure 4.9 – Data from P(tert-BMA) shows how a glassy polymer thin film behaves. The 
observed Tg is indicated by an arrow, at 112 ± 3°C (Tg = 107°C [81]). Expansion coefficients 
calculated from cooling data (αg = 2.0 × 10-4 K-1 and αr = 7.4 × 10-4 K-1) agree with data found 
in the literature [81] (αg = 2.80 × 10-4 K-1 and αr = 7.20 × 10-4 K-1)  
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As the new, lower glass transition is reached, the distortion energy is overcome and trapped 
solvent is released, allowing the film to decrease in thickness while at the same time raising 
further the polymer/solvent glass transition temperature. During this period both behaviours 
compete, thermal expansion increasing the thickness while solvent loss is decreasing it. Figure 4.9 
shows clearly this period as expansion is arrested until most of the solvent has left the system. 
Cooling data shown in Figure 4.9 can accurately be used to calculate values such as Tg of the neat 
polymer (112 ± 3°C calculated, 107°C literature value [81]), and thermal expansion coefficients 
on the glassy phase (αg = 2.0 × 10-4 K-1 calculated, αg = 2.80 × 10-4 K-1 literature value [81]) and 
the rubbery phase (αr = 7.4 × 10-4 K-1 calculated, αr = 7.20 × 10-4 K-1 literature value [81]). 
Agreement with literature values contributes to our confidence in interpreting the data obtained. 
h’ is best suited for isothermal experiments, a better approach when the temperature is changing 
over time is to consider the departure from equilibrium thickness at a given temperature relative 
to the equilibrium thickness at that given temperature as:  
( ) ( ) ( )( )Th
ThThT
∞
∞−=δ  4.5 
then when we plot δ(T) as a function of temperature, as in Figure 4.10, we are able to see that 
δ(T) is unchanged until reaching a certain temperature, at which point the film relaxes and 
exhibits a rubbery behaviour. This finding is consistent with the idea that the concentration of 
solvent in the film lowers the glass transition temperature of the film from that of the pure 
polymer. At the apparent glass transition temperature δ(T) starts to decrease. We can use the 
apparent glass transition temperature exhibited to obtain the solvent concentration required to be 
present in the film to lower the temperature using equation 4.5. In this case to lower the glass 
transition temperature to 47 ± 3°C the solvent concentration fraction, φc, needed is 0.140 ± 0.011. 
However this value translates to an excess volume fraction of δ0 = 0.163 ± 0.014 which is 
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inconsistent with the excess volume fraction seen in the film, 0.017 ± 0.001, by an order of 
magnitude.  
 
Figure 4.10 – Relative departure from equilibrium thickness dependence on temperature for 
the same sample shown in figure 4.9. It can be clearly seen that the departure from equilibrium 
remains constant until reaching 47°C. At that temperature the film seems to relax, seen as a 
decrease in δ(T), as if the polymer had reached its glass transition temperature. 
A series of films of equal thickness were produced and aged at different times in vacuum, from 0 
to 24 hours in order to see if ageing time would have an effect. This would also force the solvent 
within the film to depart (since the chemical potential of the solvent in vacuum would never 
reach equilibrium) thereby raising the apparent glass transition temperature of the films with 
ageing time. The results can be seen in Figure 4.11, where only the heating curves have been 
shown.  
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Figure 4.11 – Data from P(tert-BMA) comparing the effect of ageing time in vacuum. Data 
shows little or no effect of ageing time to the initial thickness of the film. Also noticeable is 
the fact that the apparent glass transition temperature (arrow) remains the same for all curves 
suggesting that solvent remains trapped equally independent of ageing time.  
These results clearly show that films of P(tert-BMA) fully relax upon spin casting and trap little 
solvent within their structure. Ageing time has little or no effect on initial departure from 
equilibrium thickness of the film (δ0 ~0.017) suggesting that even in vacuum the solvent retained 
within the film either stays or created voids as it departs (a question fully explored in the 
following chapter) keeping the film thickness the same.  
However the fact that the apparent glass transition (marked with an arrow in Figure 4.11) is 
identical in all curves, strongly suggests that the amount of solvent in the film is the same for all 
samples, further confirmation that ageing time in vacuum has little effect in solvent content of 
the film. 
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Figure 4.12 – Cooling data from P(tert-BMA) showing curves from films with different ageing 
time in vacuum. Glass transition temperature calculated from data was 115 ± 3°C ± 2 
(Tg = 107°C [81]). Expansion coefficients calculated from cooling data (αg = 2.2 × 10-4 K-1 and 
αr = 7.3 × 10-4 K-1) agree with data found in the literature [81] (αg = 2.80 × 10-4 K-1 and 
αr = 7.20 × 10-4 K-1)  
Cooling data from film aged in vacuum for different time periods is shown in Figure 4.12 and 
can more accurately be used to calculate the glass transition temperature of the neat polymer 
(115 ± 3°C calculated, 107°C literature value [81]), and thermal expansion coefficients on the 
glassy phase (αg = 2.2 × 10-4 K-1 calculated, αg = 2.80 × 10-4 K-1 literature value [81]) and the 
rubbery phase (αr = 7.3 × 10-4 K-1 calculated, αr = 7.20 × 10-4 K-1 literature value [81]). Agreement 
with these literature values greatly increases our confidence in interpreting the data obtained.  
4.1.2 Initial Departure from Equilibrium, δ0 
Experimental evidence that Tg and structure of polymer thin films are different from that of the 
bulk is now very strong [14,90]. It is therefore interesting to probe the dependence of δ0, and 
hence the structure of freshly spin-cast polymer glasses, on film thickness. This dependence 
would provide further information about the relaxation of thin glassy films, the solvent content at 
the moment of glass formation and how this solvent content changes if at all with thickness of 
the films. The following experiments probe these relationships. 
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The results of these experiments are shown in Figure 4.13. We can immediately notice two 
things: first, that as film thickness increases, the initial departure from equilibrium, δ0, increases 
until it reaches a plateau value of 0.082 ± 0.005. At the point of vitrification, one could 
hypothesise that the amount of solvent in a spin cast film, φsolv, might correspond to the critical 
solvent volume fraction, φc, required to lower the Tg to the temperature of spin casting according 
to the Kelley-Bueche equation. The amount of solvent required to lower the glass transition 
temperature to room temperature (23ºC) in a toluene/P(tert-BMA) system is a solvent volume 
fraction φsolv < 0.201  ± 0.005. The loss of this volume fraction of solvent, without the 
introduction of voids, would yield a fractional departure from equilibrium thickness, δ0,  
of 0.251 ± 0.008, which is much higher than what is found for δ0 in the limit of thicker films. 
However the fact that the departure from equilibrium reaches a plateau at all allows us to 
conclude that the initial conformational state of the films in the thick-film limit corresponds to 
films displaying bulk behaviour even though δ0 disagrees with the values expected. In a thick film, 
interfaces will have a diminished influence, and so the state of the film is expected to approach 
that in the bulk polymer. 
As we decrease the thickness of our films, δ0 approaches zero. This result makes sense, because it 
means that, at the limit, films that consist of a single, flattened layer of molecules will be unable 
to decrease in thickness after annealing. In ultra thin films, molecules cannot relax to a flatter 
conformation.  
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Figure 4.13 – Thickness dependence of δ0. It is clearly noticeable that thickness of the films 
start to have an effect below 400nm (solid line is meant as eye-guide only). Also noticeable is 
the fact that departure from equilibrium reaches a plateau which we associate to the film 
having reached bulk dimensions.  
After deposition of the dilute solution, during spin casting, the film is transformed very quickly to 
a glass. The molecules that are expanded from a random conformation coil in the solvent are 
presumed to entangle with others and collapse to a random coil [91,92]. This change requires for 
the molecules to have certain mobility, and this will cease when mobility is lost at a point during 
vitrification (in a good solvent Rg ~ N0.6 whereas in a glass Rg ~ N1/2). Teichroeb and Forrest [93] 
have conclusively proven that a liquid-like layer with enhanced molecular mobility exists near a 
film surface. This liquid-like layer could feasibly result in an enhanced rate of glass formation in a 
spin cast film. The observed lower δ0 obtained in thin films could indicate that this 
transformation goes further to completion prior to vitrification. On the other hand, in thin films 
there might be some very fast relaxation after vitrification, which would take place prior to the 
measurement of δ0. The thinner films could therefore be closer to their equilibrium thickness at 
the time of the measurement. In any case, these results provide a definite evidence for greater 
stability of film thickness in thinner spin-cast films. 
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The thicknesses of the films in Figure 4.13 were adjusted by varying the concentration of P(tert-
BMA) in the solution used for spin casting. Though our solutions were always above the polymer 
overlap volume fraction, φ*, one initial concern was that entanglement of the molecules would 
affect δ0, as more dilute solutions would have a less entangled polymer molecules thereby 
facilitating mobility during film formation. Huang et al [91,92] have shown that when glassy 
polymers are precipitated from dilute solutions, below the polymer overlap volume fraction φ*, 
their Tg is reduced below the normal bulk value, which would in turn affect the δ0. However, this 
concept, that reduced entanglement density is responsible for a reduction in Tg, is not supported 
by the recent work of Bernazzani and Simon [94,95
Previous work by Richardson et al, and others [
]. Nonetheless entanglement effects cannot 
be ruled out by our data. To deposit thin films of sufficient thickness the polymer concentration 
is required to be greater than φ* in all cases. 
37,96] measured the departure from equilibrium 
thicknesses of poly(methyl methacrylate) films in a similar fashion and observed a decrease of δ0 
with decreasing film thickness. Work by Grohens et al. [97
97
] has also found that the Tg of 
equilibrated PMMA thin films decreases as the thickness decreases. If this is the case for all 
polymers, then a decreased Tg of the polymer in thinner films in our experiments would lead to a 
decreased value of φsolv, which would then result in a decreased δ0. A PMMA film with a 
thickness above this threshold, ~50nm, would have the nominal Tg for the polymer, i.e. 112ºC, 
and therefore when the film reaches its Tg at room temperature, the critical solvent concentration 
fraction (φc) and fractional departure from equilibrium thickness (δ0) would be 0.195 and 0.243 
respectively. If the film thickness is below this threshold then the Tg of the polymer could be 
reduced by 50 or 60ºC [ ], in this case, at room temperature, the solvent concentration fraction 
and solvent volume fraction would be 0.092 and 0.101 respectively. However, this effect has been 
found insufficient to explain the large decrease in δ0 observed [37]. 
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Grohens et al. also reported that the Tg of PMMA thin films was a strong function of the tacticity 
and the type of solvent used in film deposition [97], something that will be explored fully later in 
this chapter and in the next chapter.  
We propose that the results shown in Figure 4.13 can be explained if we consider there is 
enhanced mobility near the film surface, during the earliest stages of film deposition; the 
molecules are able to relax to a greater extent. This has important implications for applications 
that use glassy polymer thin films.  
We have so far shown that: 
• Rubbery films fully relax upon spin casting (Figure 4.8) as opposed to glassy films  
(Figure 4.9) which hold solvent within the film as evidenced by a departure from 
equilibrium thickness. 
• Glassy spin cast films exhibit an apparent glass transition temperature, T*, (Figure 4.10) 
due to the solvent content in the matrix lowering the polymer’s Tg. 
• Ageing time, even in vacuum, has little effect on δ0 and T* for P(tert-BMA) spin cast films 
(Figure 4.11). 
• There is a thickness dependence of δ0 (Figure 4.13) which makes sense as at the limit, 
films consist of a single, flattened layer of molecules and this layer would be unable to 
decrease in thickness further. 
• In general thinner films could be closer to equilibrium since there is a liquid like layer 
with greater mobility near the surface of the film [93]. Therefore these thinner films 
would be more stable and undergo less relaxation in comparison to thicker films. We 
have seen the film thickness after spin casting from solution to be very stable even 
compared to other polymers of similar characteristics. When polymer films are used for 
lithography and optical coatings, dimensional stability is highly important. 
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4.2 Blends & Block Copolymers  
In view of the results obtained with P(tert-BMA) and as previous work by Richardson et 
al [37] had shown that PMMA exhibited a much stronger initial departure from equilibrium, the 
influence of polymer blends and block copolymers of P(tert-BMA) and PMMA on solvent 
retention, initial departure from equilibrium thickness, δ0, and associated relaxation rates, β was 
explored. 
Blends of the two polymers, PMMA and P(tert-BMA) were prepared at different molar ratios: 
pure PMMA, 9:1 PMMA to P(tert-BMA), 1:1 PMMA to P(tert-BMA), 1:9 PMMA to P(tert-BMA), 
and pure P(tert-BMA). Film thickness was kept constant at 130nm to minimize thickness effects 
on the samples. The molecular weight was also kept constant with 141K for PMMA 
(Mw/Mn = 1.01) and 138K for P(tert-BMA) (Mw/Mn = 1.06). Degree of polymerization, N, for the 
polymers used was 978 for P(tert-BMA) and 1415 for PMMA. For all concentrations used, the 
critical polymer concentration for entanglement, φ* [98
91
] was always below the polymer 
concentration used, φpol. For P(tert-BMA) (φpol − φ*) was found to be 0.00405 and for PMMA 
(φpol − φ*) was found to be 0.00423; therefore entanglement was expected to be present in all our 
samples. We would expect this entanglement in the solution to lead to entanglement in the films 
affecting the behaviour of relaxation to resemble the bulk rather than single chain films [ ,92].  
In addition a mono-disperse (Mw/Mn = 1.18) block copolymer of PMMA and P(tert-BMA) was 
used to explore possible differences between the blended systems and block copolymer. The 
molecular weight of the block copolymer was distributed between the two blocks, with PMMA 
being 70.7K (707 repeat units) and P(tert-BMA) being 84.8K (597 repeat units).  
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Figure 4.14 – Heating curves for different polymer blend ratios aged in vacuum over a range 
of time. A shows 9:1 P(tert-BMA) to PMMA ratio films aged at different times, B shows 1:1 
ratio films and C shows a 1:9 blend ratio.  
Samples of the same molar blend ratio were aged in vacuum for different times at room 
temperature. Figure 4.14 shows the response of the film’s thickness, h’, to heating at a constant 
temperature gradient of 2°C min-1 carried out on the blends at different ageing times.  
Plot A shows 9:1 P(tert-BMA) to PMMA ratio films annealed in vacuum. Little or no change is 
appreciable as ageing time is increased; in fact plot A resembles the plot shown in Figure 4.11 
where the films were made of pure P(tert-BMA). Plot B shows 1:1 P(tert-BMA) to PMMA ratio 
films and plot C shows 1:9 P(tert-BMA) to PMMA ratio films. 
What can be readily appreciated in these plots is that as the concentration of PMMA is increased 
in the blends, the polymer film exhibits a higher initial departure from equilibrium. This could 
imply that the film is either holding more solvent within the structure of the film or its relaxation 
immediately prior to vitrification is a much slower relaxation than that of the pure P(tert-BMA). 
Indeed we see that ageing time seems to have little effect on the initial departure from 
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equilibrium thickness of P(tert-BMA) rich films, and even those with small amounts of the glassy 
isomer seem to exhibit a significant reduction of departure from equilibrium. 
The plots on Figure 4.14 can be interpreted if we consider thickness changes in the film as having 
two different origins; one would be due to the film relaxing with ageing time, thereby reducing its 
thickness. We can think of the volume relaxation as  
( ) ve
T
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≈,  4.6 
where ∆T is the change in temperature and ∆h the change in thickness of a film. 
As the temperature of the system increases so does the volume relaxation. Molecules, whose 
motion is slowed down at low temperatures, start to gain mobility as the temperature rises.  
( ) TtTR ∝,  4.7 
This is particularly true for molecules that have been quenched and undercooled below their Tg, 
this behaviour is usually more marked when undercooling is greater than 30ºC. Quenching, in 
this case, is usually meant as temperature quenching, we have argued throughout this thesis that 
solvent quenching can also freeze the molecules in a non-equilibrium state similar to that attained 
by temperature quenching. 
The second way in which a film’s thickness change would be due to thermal expansion of a film, 
described as a positive change in thickness of the film, 
ve
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h
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∆
∆
≈
0
1α  4.8 
where h0 is the initial thickness.  
Initially though, relaxation is not enough to overcome the thermal expansion of the film. α is 
constant with temperature, except for the lower value of α below Tg to that above it. Because of 
this, at a certain temperature (shown in Figure 4.9 as an apparent glass transition temperature, T*) 
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the volume relaxation, increased by temperature, reaches a point in which it equals or even 
surpasses the thermal expansion, as seen in the plots as a collapse in thickness. 
Once the film has fully relaxed and reached equilibrium at the experimental temperature, the 
thickness starts to increase again following pure thermal expansion growth. This interpretation 
suggests that volume relaxation is greatly affected by temperature of the system [83] and the time 
of ageing. This has been observed in many studies in literature on bulk polymers [16,83,99
49
] but 
few have explored this on confined systems [ ]. 
We can summarize these stages as follows: 
• Aged films below T*:   R>α  
• At T*:     R≈α  and even α>R  
• Above T*:    R>α  
Interpreting the results of 9:1, 1:1 and 1:9 P(tert-BMA) to PMMA films shown in Figure 4.14, 
following the volume relaxation description previously discussed, indicate that P(tert-BMA) rich 
films relax very fast from the point of vitrification to a point where the film is almost fully 
equilibrated, after which, unless sufficient energy is supplied to the system to overcome the 
distortion energy opposing the solvent loss. 
One could define volume relaxation rate, β, in terms of the inflexional slope of isotherms [83] 
and compare the different systems for any clues as to the relation between the isothermal 
relaxation rate and the polymer composition for different polymer blends. 
( )0log ttd
d
i −
=
δβ  4.9 
where t0 is initial time, ti is the time at point i and δ is the relative departure from equilibrium. 
Figure 4.15 plots the results from isothermal relaxation experiments where films, of PMMA, 
P(tert-BMA) and intermediate blends, have been aged in vacuum for different times plotting the 
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deviation from equilibrium thickness, δ, against the log of time to obtain from the gradient of the 
data points a value of the isothermal relaxation rate, β. 
Looking at this relaxation rate one can quickly notice a trend, rich PMMA films exhibit a large 
relaxation rate but as the ratio of P(tert-BMA) increases in the blend the relaxation rate decreases 
considerably, reaching a point when the film is pure P(tert-BMA) where the relaxation rate is 
almost arrested. The behaviour of PMMA agrees with that observed by Richardson et al. and 
others [37,96] in previous work, however the behaviour of P(tert-BMA) rich films is more 
difficult to explain as it exhibits the relaxation rate attributed to temperature quenched films with 
no solvent [37,96]. 
We could interpret the relaxation rate of the films as being caused by both the relaxation of the 
polymer matrix once the glass film has been formed and the simultaneous solvent loss from the 
matrix as the polymer relaxes in time. However the fact that P(tert-BMA) seems to exhibit almost 
no relaxation for over a period of several days demonstrates that P(tert-BMA) films hold much 
less solvent after spin casting from dilute solution than PMMA rich films.  
This result also presents a problem, because the K-B definition of the glass transition of a 
polymer/solvent mix is unable to account for the differences seen between PMMA and  
P(tert-BMA) suggesting that the glass transition of the mix is not the only factor relating to the 
departure from equilibrium thickness at the point of vitrification and therefore to the amount of 
solvent trapped in the film. 
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Figure 4.15 – δ of thin films at room temperature vs. log(time) for different polymer blend 
ratios, slope is defined as volume relaxation rate, β. As the PMMA component of the blend is 
reduced, films change in thickness decreases. A pure P(tert-BMA) film seems to remain 
constant in thickness over the course of several days while a pure PMMA relaxes more than 
half of the total relaxation when annealed. The equilibrium thickness of the films was always 
kept ~130nm.  
In this new light, data shown in Figure 4.15 is interpreted as follows. As polymer volume fraction 
increases in a film during initial stages of solvent evaporation, the glass transition temperature of 
the solution also increases. At a certain experimental temperature the system with a critical 
solvent volume fraction, φc, vitrifies into a glass trapping solvent within the structure. This 
solvent is slowly lost as the polymer relaxes. A simple model using the K-B description stated in 
equation 4.4 would then predict, based on 
the solvent volume fraction in the 
polymer/solvent film, the Tg at which the 
film would vitrify. We can test how accurate 
our hypothesis is by comparing the K-B 
values with the values obtained from different blends shown in Figure 4.14. Using solvent 
volume fraction, φ, at the apparent glass transition temperature, T*, defined in Figure 4.10 and 
 Polymer/Solvent β δ0 
 Pure PMMA 198 × 10-4 0.0992 
 PMMA 9:1 P(tert -BMA) 113 × 10-4 0.0700 
 PMMA 1:1 P(tert -BMA) 66 × 10-4 0.0391 
 PMMA 1:9 P(tert -BMA) 7 × 10-4 0.0200 
 Pure P(tert -BMA) 5 × 10-4 0.0169 
Table 4.16 – Tabulated values for δ0 and β obtained 
from data shown in Figure 4.15  
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Figure 4.11, δ can be associated with φ, if we assume that excess volume is due to the presence of 
trapped solvent within the polymer matrix. 
 
Figure 4.17 – Using Kelley-Bueche equation (solid lines) and data from experiment with 
different blends previously shown in Figure 4.14 (dots and solid lines) the graphs plots T* as a 
function of solvent content, φ. There is a large discrepancy between the experimental results 
and the predicted; this can be accounted for by the fact that the K-B model does not take into 
account any volume relaxation taking place. 
Figure 4.17 clearly shows that the values obtained from K-B description for P(tert-BMA) 
(φc = 0.201 ± 0.005 and δ0 = 0.251 ± 0.008) and PMMA (φc = 0.195 ± 0.005 and 
δ0 = 0.243 ± 0.008) in toluene do not match those obtained from experimental results. 
Furthermore, the differences presented by our experimental data between the two polymers, 
including the rapid relaxation obtained in films with small amounts of P(tert-BMA) added to 
PMMA cannot be currently explained by a simple definition of a polymer/solvent system that 
only relates the glass transition temperature of the system to the volume fractions of its 
polymer/solvent components. 
This discrepancy seems to stem from the fact that K-B model description does not take into 
account the volume relaxation of a film under ageing conditions. During the whole of this 
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chapter, the behaviour of PMMA/P(tert-BMA) blend films has been discussed in relation to 
either the volume relaxation or the solvent retention. In both cases the fact that the arrest of 
relaxation of P(tert-BMA) rich films and their apparent relaxation speeds and the discrepancies 
between the K-B predictions and experimental results allow us to conclude that there are 
fundamental differences in the relaxation between PMMA and P(tert-BMA), with blends of the 
two polymers presenting an intermediate behaviour. This difference must stem from the fact that 
the polymers are chemically different and therefore their relaxation behaviour in spin cast films is 
dominated by these differences and not by the mechanical properties of the polymers. 
Previously, it was shown in [100,101
1
] that PMMA retains more solvent than P(tert-BMA) but the 
question remains in both cases, does relaxation take place as solvent is lost or are there voids 
being created in the film? The answer to this question is not straightforward; the films undergo 
different stages as the proportion of solvent decreases in the film. We can think of this shrinkage 
as creating a distortion energy opposing the shrinkage [ ] as seen in equation 4.3. 
The result is that during drying both, solvent departure and polymer relaxation, take place and 
each has a different region where it is dominant over the other. Fast solvent departure takes place 
early on the process and relaxation becomes more dominant later on as the film solvent content 
reaches a minimum. It is worth noting that all these changes take place while the film is glassy 
and therefore the glass transition temperature is at or above the experimental temperatures. 
4.2.1 Initial Departure from Equilibrium Effects  
To fully obtain a picture of the thickness effects on initial departure from equilibrium thickness 
δ0, we compared results obtained for pure P(tert-BMA) and pure PMMA with those obtained 
from P(tert-BMA)-b-PMMA block copolymer. Figure 4.18 shows these results. 
We observe similar features to those found previously in Figure 4.13 with pure P(tert-BMA), 
specifically there is an approach to zero departure from equilibrium as film thickness decreases to 
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zero, making physical sense as a monolayer of polymer cannot be compressed further. There is 
also a stabilization plateau upon reaching certain film thickness which we associate with the bulk 
behaviour, in this case ~400 nm. This trend not only corroborates data previously obtained by 
Richardson et al (PMMA light green squares) [37] but also strengthens our previous argument 
interpreting the data shown in Figure 4.13 as a behaviour present in all amorphous polymers 
[102]; thin films below bulk dimensions relax retaining solvent in a manner different to the bulk. 
 
Figure 4.18 – Thickness dependence of δ0 for pure PMMA, P(tert-BMA) and  
P(tert-BMA)-b-PMMA. It is clearly noticeable that thickness of the films start to have an effect 
below 400 nm (solid lines are meant as eye-guides only). [†] These PMMA data points (light 
green filled squares) were collected by Richardson et al and published together with PMMA 
data points collected for this thesis (dark green filled squares) as part of [37].  
Notice though, that initial departure from equilibrium, δ0, at the plateau (bulk values) for both 
PMMA (0.17 ± 0.02) and P(tert-BMA) (0.082 ± 0.005) are well below that predicted by the K-B 
model alone, δ0 = 0.243 ± 0.008 for PMMA and δ0 = 0. 201 ± 0.008 for P(tert-BMA). 
Another interesting fact is the behaviour of the block copolymer in relation to pure PMMA, even 
though its monomer ratio is ~1:1, the behaviour seems to be dominated by the P(tert-BMA) 
component. One could explain this phenomenon if the copolymer film formed some sort of 
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ordering allowing for the P(tert-BMA) phase to dominate the relaxation and solvent retention of 
the film. In order to explore this, surface analysis of the films was carried out. 
4.2.2 Surface Morphologies  
Surface morphology of our films was probed using atomic force microscopy (AFM) in semi-
contact mode in order to determine if structural ordering in the films could shed some light on 
the differences seen between pure PMMA and block copolymer. In semi-contact mode, the 
cantilever is excited into resonance oscillation with a piezoelectric driver. The oscillation 
amplitude is used as a feedback signal to measure topographic variations of the sample. The 
phase lag of the cantilever oscillation, relative to the signal sent to the cantilever's piezo driver, is 
simultaneously monitored by the electronics and recorded. This phase lag is then very sensitive to 
variations in material properties such as adhesion and viscoelasticity. 
Figure 4.19 shows scans taken in semi-contact mode on a 350 nm thick PMMA film. The image 
on the left shows the topographic height of the film while the right shows the phase image. Even 
at high magnification (1 µm across) the scans show very little structure if any on the film surface.  
  
Figure 4.19 – AFM images of 350 nm pure PMMA film annealed and cooled down at 
2°C min-1. Image on the left is the topographical height image, while the right shows the 
topographical phase image. A cross-section was analysed further across the line between dots 
shown in height scan. 
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A closer look at the cross-section across the line shown on the topographical height image, 
Figure 4.20 shows how even across 150 nm the largest height variation is less than 5Å. 
  
Figure 4.20 – AFM topographic height scan cross-section of Figure 4.19. It can readily be 
appreciated from the cross-section that even across ~150 nm the largest height variation is 
lower than 5 Å, indicating a distinct lack of surface features. 
On the other hand, Figure 4.21 show scans taken in semi-contact mode on a 35nm thick  
P(tert-BMA)-b-PMMA film. Again, the image on the left shows the topographic height of the film 
while the right shows the phase. We can start to realize that a lamellar structure is present in the 
block copolymer, both height and phase scans show a randomly oriented layering of the polymer 
whose dimensions according to cross-section analysis in Figure 4.22, repeats every  
74 ± 5nm. We expect the lamellar size to be the same order of magnitude as the radius of 
gyration, Rg, of the copolymer. Therefore we can estimate the lamellar size of the block 
copolymer by calculating the radius of gyration of the two sides of the copolymer using the 
following equations: 
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6
2
2 rRg =    4.10 
where r is the end-to-end distance for a random coil and is defined as: 
∞= Cnlr
22    4.11 
where n is the polymerization number, l is the monomer size and C∞ is the characteristic ratio of 
the polymer. We used 6 Å as the monomer size for both polymer monomers as this was found to 
be a typical value for the size of similar monomers, n was 707 for PMMA and 597 for  
P(tert-BMA). The characteristic ratio C∞ was found to be equal to 8.2 for PMMA according to 
Wool and others [103 81, ] and a similar value was assumed for P(tert-BMA).  
The lamellar size was then calculated to be 71.6 nm. This result is in good agreement with the 
measured values in our AFM images of the structures formed by the block copolymer. 
Additionally, work by Antony et al and others [104,105
 
] have shown that lamellar structures for 
A-B and A-B-A block copolymers range from 30 to 100 nm in size. This lamellar structure 
present in the copolymer could account for the different behaviour of the films providing a 
means for the solvent to depart during glass formation through the P(tert-BMA) lamellar phase. 
 
Figure 4.21 – AFM scans of 35nm P(tert-BMA)-b-PMMA film which was annealed and 
cooled down at 2°C min-1. Image on the left is the topographical height image, while the right 
shows the topographical phase image. Lamellar structures can be seen throughout the film. A 
cross-section was analysed further across the line between dots shown in height scan. 
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Figure 4.22 – AFM topographic height scan cross-section of Figure 4.21. Readily recognised 
is the repeating lamellar structure with characteristic length 74 ± 5nm across. Work by Antony 
et al and others [104 ] has also seen lamellar structures of this order of magnitude.  ,105
We can summarize our finding while exploring the behaviour of thin spin cast films of PMMA, 
P(tert-BMA), blends and block-copolymer systems in the following manner:  
• We have found that pure PMMA holds much more solvent within the matrix than  
P(tert-BMA) as evidenced by a much greater δ0. Blends of both polymers exhibit an 
intermediate effect with the added characteristic that even a small percentage of  
P(tert-BMA) in the blend would reduce δ0 (increase the stability of the film) by ~30%. 
• Relaxation rate, β, of PMMA is much greater than that of P(tert-BMA) which seems to 
relax immediately after spin casting to almost equilibrium thickness, and therefore 
exhibits a relaxation rate of two orders of magnitude less than PMMA, Table 4.16.  
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• We have found that the Kelley-Bueche [38] definition of a polymer/solvent system which 
only relates the Tg of the system to the volume fractions of its polymer/solvent 
components is insufficient to describe the behaviour of thin spin cast polymer films. 
• Differences in the behaviour of PMMA and P(tert-BMA) must stem from the fact that the 
polymers are chemically different and therefore their relaxation behaviour in spin cast 
films is dominated by these differences and not by the mechanical properties of the 
polymers. 
• The behaviour of block copolymer P(tert-BMA)-b-PMMA in relation to pure PMMA 
shows that even though its monomer ratio is ~1:1, its behaviour is dominated by the 
P(tert-BMA) component, as shown in Figure 4.18. The block copolymer film holds almost 
no solvent even when the films approach the bulk dimensions (h < 500nm). 
• Detailed imaging of the surface of block copolymer films by AFM shows the lamellar 
structures formed, Figure 4.21, with average dimensions of 74 ± 5nm. These lamellar 
structures would explain why the copolymer film holds almost no solvent and is almost 
fully relaxed after spin casting like P(tert-BMA) films as the P(tert-BMA) rich regions of 
the film would act as a conduit to solvent during the fast relaxation of the film after spin 
casting. 
4.3 Other Polymer/Solvent Systems  
In the previous sections we have seen how the relaxation of freshly spin-cast polymer 
films was characterised using thermal control for P(tert-BMA) in a toluene solution and for 
different blends and block copolymers with PMMA. We have shown how the initial departure 
from equilibrium thickness, δ0, varies with film thickness and how at the limit of the bulk 
behaviour, δ0, reaches a plateau whose value does not agree with the thickness excess expected if 
solvent was trapped inside the film according to the K-B equation 4.4. One question to which we 
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sought an answer was: is there a correlation between φg, the solvent volume fraction in the film, 
and δ0 of the polymer? We know that φg could be adjusted through the Tg of the polymer and 
solvent. For this purpose, we measured δ0 of atactic (Tg = 107°C [81]) and isotactic (Tg = 41.5°C 
[81]) PMMA films spin cast from dilute toluene solutions. δ0 was carefully measured minimizing 
the time from spin cast to start of measuring under the ellipsometer. 
4.3.1 Tacticity and δ0 
δ0 was obtained using films of different thicknesses prepared by varying the polymer 
concentration of the solutions used to spin-cast the films. These fresh films were then 
immediately placed under the ellipsometer with a heating stage mounted onto the platform, as 
seen in Figure 4.1. The ellipsometer had previously been aligned and started to collect data 
without the sample on the stage, this was done because toluene evaporates from the sample 
within the first 10 seconds after spin casting. After initial measurements of the thickness, the 
sample was then annealed in-situ to 150°C for 10 minutes and then cooled to room temperature 
at 2°C min-1 when a new measurement of the thickness was taken and used as the equilibrium 
thickness, h∞, at room temperature. 
Figure 4.23 shows the results obtained from these experiments, plotting δ0 against equilibrium 
thickness h∞ in a similar manner as in Figure 4.13 and Figure 4.18. Square data set represents 
PMMA films previously shown in Figure 4.18; rhomboid data set represents i-PMMA films. 
At first glance we can immediately appreciate that both data sets exhibit a similar trend of δ0 as a 
function of film’s equilibrium thickness, h∞. Both, atactic and isotactic PMMA systems, reach an 
initial departure from equilibrium thickness plateau at the bulk limit close to 0.17. This result is 
striking as we would expect isotactic PMMA to exhibit a much lower plateau at the bulk limit 
given that its glass transition temperature is much lower than that of atactic PMMA (see Table 
4.28). 
  Structural Relaxation in Spin Cast Thin Polymer Films 
 84 
 
Figure 4.23 – Initial departure from equilibrium thickness, δ0, as a function of equilibrium 
thickness, h∞, for PMMA/Toluene system showing atactic PMMA (squares) and isotactic 
PMMA (rhomboids). 
Isotactic PMMA was chosen to compare with atactic PMMA because its Tg was considerably 
lower to that of atactic PMMA and as a result the solvent required for the polymer film to reach 
φc would also be much lower, affecting δ0 of the film. We can therefore conclude from results 
plotted in Figure 4.23 that δ0, or the retention of solvent within the polymer matrix, does not 
depend on the polymer/solvent system’s Tg although it could depend on the polymer used on a 
more fundamental manner. 
It was important to determine whether we can see any change in behaviour between the two 
polymers used, PMMA and iso-PMMA, even though they have different tacticities.  For this 
reason the data collected was analysed to obtain information about the Tg of the films, the 
thickness dependence of Tg and the strength of the transition as a function of film thickness. 
Figure 4.24 shows the data collected for iso-PMMA films of different thicknesses. We can obtain 
from this data set the value of the glass transition temperature for the annealed film as being  
Tg = 58 ± 3°C and see how, within the resolution of our experiments (6°C), no dependence of Tg 
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on thickness of the films with thickness h > 40nm was seen. This agrees with previous work by 
Keddie et al and others [14,90] who found a thickness dependence of Tg for film thicknesses 
below those used in these experiments. 
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Figure 4.24 – Glass transition temperature analysis of iso-PMMA films spin cast from both 
dilute toluene solution and Bromobenzene solution. The left plot shows the thickness 
dependence of the glass transition while the plot on the right shows the strength of the 
transition as a function of film thickness. 
An additional method to probe the glass transition is to determine its strength. This is done by 
obtaining the ratio of the glass’s thermal expansion coefficient over the melt’s coefficient (called 
the α ratio), using cooling data from the annealing experiments such as that shown in Figure 4.9. 
The plot on the right of Figure 4.24 shows that the thermal expansion of the glass increases to 
that of the liquid phase, as the film thickness, h, decreases towards that of a monolayer. This 
makes sense since at the limit of the monolayer the film would behave as a liquid. 
These results have shown that the glass transition temperature of the polymer seems to have little 
effect on the initial relaxation from the gel like state to the glass film after spin cast from dilute 
solution, confirming what has been previously shown in this chapter. 
In order to fully explore the influence on initial relaxation of the film as seen from the initial 
departure from equilibrium thickness, a solvent with a different melting point (and therefore 
different Tg) but the same interaction parameter as toluene was used.  
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4.3.2 Bromobenzene and δ0 
Bromobenzene, a solvent with a glass transition of 161K [106
The second advantage was a much higher refractive index compared to that of the polymer. This 
allowed us to use not only thickness information about the relaxation but using further analysis, it 
provided compositional information about the film, a feature properly explored in the next 
chapter. 
], was used in these experiments to 
determine the influence of solvent glass transition temperature on the relaxation of freshly spin 
cast polymer films. Additionally two other advantages were gained from the use of this solvent. 
The first one was that, due to its lower vapour pressure, the evaporation rate of the solvent was 
much lower and it allowed us to observe the formation of the glassy films in-situ with the 
ellipsometer. This has not been reported before, to the best of our knowledge, in thin spin cast 
polymer glassy films. 
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Figure 4.25 –These two plots show examples of the direct in-situ observation of the 
formation of the PMMA film as it goes through the glass transition. Initial thickness is then 
taken to be the point indicated by the black arrow. 
Figure 4.25 shows the thickness of a freshly spin cast film as a function of time in a dynamic scan 
taken with the ellipsometer over 6 different wavelengths continuously, in a similar manner as that 
was explained in detail on Section 4.1.1. What can be seen immediately from both plots is the 
change in the rate of thickness with the change from a liquid state to a glass state (all data points 
are separated by the same time interval). Careful observation provides a point at which the glass 
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transition can be observed once the film is no longer in the rubber state. This point has been 
marked with a black arrow in both plots of Figure 4.25. 
One of the most widely used methods for demonstrating the glass transition and calculating its 
temperature, Tg, is to measure the specific volume of a polymer as a function of temperature. We 
have previously argued that solvent content in a polymer/solvent mixture can be used in an 
analogous way as temperature to control the onset of the glass transition. Figure 4.26 shows the 
specific volume relaxation of a bulk sample of P(tert-BMA) calculated by measuring the mass 
decrease over time of the solvent/polymer mix, and correlating it to volume decrease. This was 
possible as the density of solvent was known. We can observe that in the regimes above and 
below the transition a linear variation of specific volume takes place with time as solvent 
evaporates.  
 
Figure 4.26 – P(tert-BMA) specific volume versus time as solvent evaporates in a bulk 
experiment. The glass transition is shown by black arrow. Liquid and glassy regimens are also 
indicated. 
However in the vicinity of Tg there is a change in the slope of the expansion coefficient, this 
change is indicative of the transition to the glassy state. By analogy, a film’s thickness, such as 
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those shown in Figure 4.25, will exhibit a sudden change in the linear variation of thickness with 
time as solvent departs the film. This change is attributed to the onset of the glass transition and 
can be explained by the concept of the distortion energy opposing the solvent loss. We therefore, 
conclude that using bromobenzene as a solvent in our polymer/solvent system permits us to 
observe, in-situ, the transition from liquid to glass in our films.  
One advantage of this is that by observing the transition directly, we are able to determine with 
improved accuracy over polymer/toluene systems, the thickness of the films at the instant the 
glass is formed. As a result we expect more precise information about the departure from 
equilibrium thickness of the films. 
 
Figure 4.27 – Initial departure from equilibrium thickness of PMMA and iso-PMMA in both 
toluene and bromobenzene systems. Toluene has a lower glass transition temperature  
(120 K) than bromobenzene (161 K)  
Figure 4.27 plots the results from experiments done using PMMA and iso-PMMA in both toluene 
and bromobenzene solvents. We can immediately see how the tacticity still seems to have no 
significant effect on the initial departure from equilibrium thickness of the films, corroborating 
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what we saw in previous experiments with toluene when Tg was varied with tacticity (see Section  
4.3.1 Tacticity and δ0). 
Figure 4.27 also shows that films spin cast from a dilute bromobenzene solution exhibit a slightly 
higher departure from equilibrium thickness than those films spin cast from dilute toluene. We 
can attribute this slight increase of δ0 to the fact that using bromobenzene in our films let us start 
our observations before the glassy film forms. We therefore expect h0 to be slightly higher in 
films cast from bromobenzene than in those cast from toluene. These differences are much 
smaller than expected if we assume, at the point of vitrification, that the amount of solvent 
required to lower Tg to room temperature (23ºC) is given by the Kelley-Bueche equation 4.5. 
From the plateau of the graphs in Figure 4.27 we can obtain the values for δ0 for the bulk and 
using these we can calculate the solvent volume fraction present in the film at the moment of 
glass formation. 
  atactic-PMMA isotactic-PMMA 
    
Glass Transition  
Temperature (°C) 107 (114±3) 41.5 (58±3) 
      
Polymer/solvent System φc δ0 φc δ0 
 Toluene     
  predicted 0.194±0.005 0.240±0.008 0.082±0.005 0.089±0.005 
  experimental 0.138±0.015 0.160±0.020 0.139±0.015 0.161±0.020 
 Bromobenzene     
  predicted 0.238±0.006 0.312±0.011 0.104±0.006 0.116±0.007 
  experimental 0.151±0.015 0.178±0.020 n/a n/a 
 
Table 4.28 – Table showing the corresponding solvent volume fractions at the plateau of 
plots in Figure 4.27 for PMMA and iso-PMMA in both toluene and bromobenzene and their 
associated δ0 when the K-B equation is used. 
Table 4.28 shows the values calculated using equation 4.4 and those obtained from experimental 
evidence for the four systems used. 
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Predicted data was obtained calculating the critical solvent volume fraction, φc, required to lower 
Tg to room temperature (23°C). Using these, predicted values for δ0 were obtained. The errors in 
this prediction arise from uncertainties in the polymer Tg measured during the experiments. 
Experimental data were obtained from the observed values of δ0 at the plateau found in the data 
sets of Figure 4.27. These were then converted to solvent volume fraction, φc. Finally, from the 
results plotted in Figure 4.23 and Figure 4.27 we conclude that δ0, and therefore the retention of 
solvent within the polymer matrix, does not depend on the Tg of the polymer/solvent system. 
This Tg was controlled during the experiments by changing, the solvent’s Tg (using toluene or 
bromobenzene) or the polymer’s Tg (using isotactic PMMA or atactic PMMA). These results 
however do not rule the possibility that δ0 could depend on the type of polymer used in a more 
fundamental manner. 
4.4 Summary  
In this chapter we have seen how thermal treatment of thin films has been used to 
explore the differences between glassy and rubbery films, confirming that rubbery polymers hold 
no solvent and fully relax to equilibrium when spin cast, corroborating Leiber and Sekimoto [31] 
in their interpretation of solvent sorption by glassy films. 
The film’s initial conformation after solvent quench was explored for different polymer systems 
and blends and results have shown many interesting features. In P(tert-BMA) an initial fast 
relaxation was demonstrated when it was shown that ageing time of the films in vacuum did not 
affect the film’s thickness. We have seen PMMA and P(tert-BMA) films unable to overcome the 
distortion energy barrier [1,31] once the solvent concentration reached a value below the critical 
solvent concentration at room temperature, φc. This distortion energy barrier prevented films 
decrease in thickness causing films to hold solvent within the film during aging or, less likely, to 
create voids [1]. Our experiments with P(tert-BMA) show that void formation while the solvent 
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departs the matrix is not a likely option. If void formation took place, thickness of the film would 
be constant but apparent glass transition temperature for P(tert-BMA), T*, would change. This is 
however not the case, as T* remains unchanged with ageing time, a property that should increase 
if the polymer/solvent mix composition is changed [38]. This result strongly suggests that solvent 
trapped in the polymer matrix remains trapped and is unable to depart.  
Comparisons with PMMA and different blend ratios of PMMA and P(tert-BMA) have shown a 
strong dependence of both initial departure from equilibrium thickness, δ0, and relaxation rates, 
β, on P(tert-BMA) content of the film. These results indicate that P(tert-BMA) rich films relax 
much faster than PMMA rich films (Figure 4.14 and Figure 4.15). This is an important result that 
shows P(tert-BMA) forms films with high thickness stability, something extremely important in 
industrial applications such as lithography. 
Dependence of δ0 has also been observed among all the systems used in our experiments, 
including the block copolymer P(tert-BMA)-b-PMMA. This dependence indicates that the 
behaviour of films with thickness below 400nm is very different to that of films with greater 
thicknesses (bulk). We attribute this difference in behaviour to interface effects; in thicker films 
the interfaces (both with air and substrate) are not dominant because their dimensions are not 
significant relative to the total film thickness. Thinner films however see the effects become more 
and more significant as film size is reduced and interfacial dimensions remain the same. Previous 
work [107,108
Differences between the different PMMA systems and the copolymer were explored. The 
copolymer behaved more like pure P(tert-BMA) than did the 1:1 blend, even though the blend 
and the copolymer had a similar overall composition. AFM surface analysis revealed how these 
] has shown that the density of polymers in the polymer/substrate interface is 
higher than in the rest of the film. As the film becomes thinner we would expect to see this 
interface gain dominance, i.e. denser regions would undergo less relaxation and therefore exhibit 
a lower δ0.  
  Structural Relaxation in Spin Cast Thin Polymer Films 
 92 
results could be explained. AFM scans showed a randomly oriented layering of the polymer 
forming a lamellar structure whose dimensions according to cross-section analysis in Figure 4.22 
repeats every 74 ± 5nm. These lamellar structures would provide the glassy film with regions 
dominated by P(tert-BMA) behaviour furthering the relaxation of the film so that it behaved 
similar to pure P(tert-BMA). 
In an attempt to see if δ0 was correlated to φg, the value of φg was adjusted with varying polymer 
and solvent. From experiments using different tacticity we observed that differences in Tg 
between PMMA and iso-PMMA were not reflected in a change in behaviour of the films. The 
differences in Tg between both polymers predicted a difference in δ0 of PMMA by a factor of 2.7 
that of iso-PMMA. These differences however were not observed in the experimental data 
obtained. 
Using Bromobenzene slowed the evaporation of solvent sufficiently to allow the formation of 
the glassy film to be observed in-situ. This has, to the best of our knowledge, not been reported 
for spin cast thin polymer films in the past. These experiments showed a slight increase of δ0 
with respect to films spin cast from toluene solution. We attributed these differences not to the 
differences in Tg of the solvents used but to the fact that the new solvent allowed us to pinpoint 
the precise moment in the experiment when the glass formed. 
We can conclude from these and previous experiments in this chapter that with regards to our 
hypothesis that Tg of the polymer/solvent system would dominate the behaviour of the glass 
formation and structural relaxation is therefore not valid and does not depend on the Tg of the 
system. These results however do not rule the possibility that δ0 could depend on the type of 
polymer used in a more fundamental manner 
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5 Exploration of Film Structure Using Refractive Index  
 
 
In Chapter 4 we have seen how different polymer systems respond after spin casting 
from a dilute toluene solution. In all cases observed, the data showed a coupling of the relaxation 
of the polymer and solvent departure from the film that thickness analysis alone could not 
disentangle. Refractive index information was not used during these experiments because there 
was little difference between that of toluene and that of the neat polymers used, therefore any 
changes in film composition would not produce a strong change in refractive index. 
To overcome this limitation, a suitable solvent was used whose refractive index was much higher 
than that of the polymer. Halogenated organic solvents exhibit this characteristic. After much 
testing of several conditions (including refractive index, volatility and polymer/solvent 
interaction), bromobenzene was selected for being a solvent with high volatility (among 
halogenated solvents), being a good solvent for PMMA and having a large difference in refractive 
index. 
Because optical properties are intimately related to the chemical and structural conformation of 
polymer materials [109], the knowledge of refractive index changes in a polymer film can be used 
to provide information concerning density changes. These density changes can in turn be used to 
determine film composition if the refractive index of the different components are known. This 
would provide an additional measure of solvent content other than just assuming that thickness 
decreases represent solvent content loss in a film and not simply relaxation. 
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The following chapter will explore the formation of voids in the film, if any, as solvent departs 
the film structure during isothermal conditions. The composition of the film will be followed 
during 24 hours, as the film is aged isothermally at room temperature. The EMA model 
description of a two component mix will be used to determine if the solvent fraction obtained 
matches that calculated from δ values for the same film. Finally relaxation rates, β, will also be 
calculated using an equation derived from that shown in equation 2.14. 
5.1 Experimental Procedure 
The samples used for these experiments were produced in an identical manner as those 
used in Chapter 4, using bromobenzene (Sigma Aldrich, 99.9% purity) as solvent for PMMA with 
a molecular weight of 141.5k and polydispersity equal to 1.01.  
Diluted solutions of 0.5-2% wt. concentration were deposited onto silicon substrate and spin cast 
to remove excess solution. The sample was the rapidly placed on the ellipsometer stage (mounted 
with a heating stage) in order to observe the response of the film from the moment the glass was 
formed. Data was collected using 6 wavelengths at a single angle continuously for 20 to 30 
minutes, allowing rapid changes taking place to be observed, glass formation would be then used 
as time zero. After this, a spectroscopic scan was taken over the 400 – 800 nm wavelength range 
at 3 angles to obtain the starting parameters for the first dynamic fit. Following this, a further 
dynamic scan was recorded, this time using a single angle but recording the full wavelength range 
every 30 minutes for 24 hours. Finally the sample was annealed, holding the sample at 150°C for 
10 minutes and cooling down at 2°C min-1, in order to remove all the solvent from the film and 
allow the film to relax fully. A final spectroscopic scan was taken and data from this scan used to 
normalise the rest. 
5.2 Excess Volume in Thin Films  
It is important to remember that the refractive index of a dielectric material relates to its 
density as the Clausius-Mossoti equation [109] shows:  
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where NA is the Avogadro’s number, ρm is the mass density, M is the molecular weight and α is 
the molecular polarizability. Dense films have a higher refractive index than less dense ones of 
the same material. If excess volume or micro-voids are introduced in dense films, then the 
density is lowered and these voids (with the refractive index of free volume, n = 1) also lower the 
total refractive index of the film. Using the same rationale, if we introduce pockets of a material 
with a higher refractive index into the film, the resulting refractive index of the film would 
increase. 
Chapter 4 showed how using bromobenzene as solvent for PMMA dilute solutions slowed down 
the process of glass formation enough to be able to record the event using ellipsometry. In 
addition to that, the use of bromobenzene provides the ideal conditions to probe the structure of 
the film as it relaxes over time in isothermal conditions.  
 
Figure 5.1 – Schematic representation of what is expected for the refractive index if the 
solvent departed the polymer matrix and no voids were created (solid line). If voids are 
created, refractive index would drop initially, as the solvent departs the film, only to recover 
later as the voids are closed during the polymer relaxation (dashed line).  
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Figure 5.1 shows a schematic representation of the differences that could be found in films with 
and without voids from solvent loss. The solid line represents a film where trapped solvent 
departs the film, decreasing the refractive index. Since the film has no air voids, the only factor 
determining the refractive index of the film is the content of solvent. The dashed line represents 
the film when some voids are introduced. As the solvent departs, the refractive index is then 
lowered to a value below that of the dense polymer. However during relaxation the polymer fills 
this excess volume, increasing the density of the film, and this, in turn, increases the refractive 
index of the film. 
Experimental data obtained for 5 different films of varying equilibrium thicknesses (71 – 386 nm) 
was compared. Figure 5.2 shows a red line for the refractive index of pure bromobenzene 
(1.5565 ± 0.0005 obtained by refractometry experiments for λ = 589.2 nm at 20°C) and a teal 
line for the refractive index of pure PMMA (1.492 for λ = 589.2 nm at 20°C [110
The plot shows how all films exhibit a decrease in refractive index over a period of 24 hours. 
This decrease is consistent with the idea that the film initially starts as a mix of polymer and 
solvent, the latter being released as the film relaxes. It can be seen that not all films have the same 
refractive index values (within the error bars), this suggests that solvent ratio retained in the films 
is related to the film thickness, a result that agrees with previously discussed conclusions in 
Chapter 4. However the trend observed is reversed; thinner films seem to contain more solvent 
(higher refractive index) than thicker films and this remains unexplained. 
]). 
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Figure 5.2 – Experimental data of a PMMA (n = 1.492 at λ = 589.2 nm at 20°C) film spin 
cast from a dilute solution in Bromobenzene (n = 1.5565 at λ = 589.2 nm at 20°C). The 
refractive index shows how it initially drops rapidly while there is free evaporation of solvent 
and the film is still in liquid state. As the film forms a glass, the rate at which refractive index 
drops decreases, however we see no characteristic increase in refractive index indicating that 
no voids are formed. 
The inset on Figure 5.2 shows the refractive index scale expanded. It can now be seen that the 
refractive index does not increase at any time during isothermal relaxation, indicating that in the 
films observed, the excess volume was either not formed or remained during ageing. The trend 
observed is more significant during the initial moments of the relaxation; errors further on make 
any change difficult to distinguish. 
5.3 Effective Medium Approximation 
Effective medium approximation (EMA) describes a composite of aggregated phases or 
random mixture microstructure [111]. When the optical properties of the different components 
of the film are known then EMA can be used to determine thickness variations and composition 
changes within the film. EMA then effectively imposes limits on the variation of optical 
constants of the film from that of the different components and returns a percentage 
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contribution of each of the components to the optical constant that we interpret as the 
percentage of component in the film. 
In this case the EMA selected had only two components, PMMA and bromobenzene. It also 
assumed that excess volume would not be present in the films, were this assumption not true, it 
would introduce, if excess volume was present, a negative ratio of one or both components since 
excess volume would lower the refractive index beyond the limits imposed by the components of 
the EMA model.  
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Figure 5.3 – EMA fitted parameters, thickness and solvent percentage. The plot on the left 
shows the change in thickness as a function of time while the plot on the right shows the 
change in solvent percentage in the film as a function of time. Errors are extrapolated from 
errors found in a spectroscopic scan of the same sample using the same modelling conditions.  
Figure 5.3 shows the parameters fitted using an EMA model: thickness versus time (left) and 
solvent percentage versus time (right). Thickness can be then transformed into solvent ratio if we 
consider all thickness change from time, t, to equilibrium is due to the departure of solvent. 
Therefore, 
t
t
thickness h
hh ∞−=φ  5.2 
where ht is the thickness at time t, and h∞ is the equilibrium thickness (film thickness after 
annealing to 150°C and cooled at 2°C min-1 to room temperature). 
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Using this simple transformation, Figure 5.4 shows the obtained solvent ratios using both 
methods; thickness values from EMA model (left, φ thickness) and solvent percentage from EMA 
model (right, φ EMA). 
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Figure 5.4 – Solvent ratio in thin films calculated from values obtained from EMA model 
fitted parameters. Plot on the left shows solvent fraction, φ thickness, calculated from thickness 
changes and the plot on the right shows solvent fraction, φ EMA, obtained from the solvent 
percentage. 
A good method to visualize the correspondence of both solvent fractions (one obtained from 
thickness and the other from what is, essentially, a refractive index analysis) is to plot one against 
the other, Figure 5.5 shows this. The red line across the figure represents the one-to-one 
correspondence. Eye guides have been added to the plot to help visualize the gradient of the 
results obtained from the different films. Figure 5.5 shows how three of the studied films closely 
approach the one-to-one correspondence. This correspondence indicates the solvent departure 
from the film is accompanied by the necessary drop in refractive index expected from the loss of 
that amount of solvent. One film (empty squares in Figure 5.5) exhibits a deviation over the one-
to-one correspondence line where the refractive index observed is lower than expected from the 
film’s thickness observed if the only two components of the film are the solvent and polymer. 
This observation can be explained if we think that the results are an indication that the film’s 
density decreased, lowering its refractive index. This shows an excess free volume is present in 
the film, caused by the formation of voids originating from the departure of solvent.  
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However, one of the films (empty triangles in Figure 5.5) exhibits a behaviour which is difficult 
to explain. The film’s high solvent fraction according to the refractive index data would imply 
that the thickness of the film is high, more solvent requires more volume (volume of liquids is 
incompressible). This, on the other hand, is not the case as the solvent fraction according to film 
thickness data is much too low. One could try to explain this discrepancy if somehow the 
refractive index was higher than usual for a given thickness. This however is not likely as it would 
imply a high initial density of the film. If the film had a high density, then its relaxation over time 
would be lower and not exhibit a similar decrease in thickness as the rest of the films. 
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Figure 5.5 – Solvent fraction correspondence. Red line represents a one-to-one agreement 
between the two methods of calculating solvent fraction. Deviation over the line would 
indicate excess volume in the film, as higher thickness is present than required for the index to 
predict a given solvent fraction. Deviations below the one-to-one correspondence are more 
difficult to explain. Eye guides have been added to the data sets to facilitate the evaluation of 
the gradients.  
The fact that the unusual behaviour of this film (empty triangles in Figure 5.5) cannot 
satisfactorily be explained leads us to conclude that more work needs to be done on EMA 
analysis and the assumptions made to validate the analysis.  
Typical error bars 
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5.4 Relaxation Rate Using Refractive Index 
A good method of examining relaxation of a film in isothermal conditions is to calculate 
the relaxation rate which can be used to represent the kinetics of volume relaxation. Chapter 2 
saw how this was done for films with different composition using equation 2.14: 
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In Section 5.2 the increase of refractive index with aging time was discussed as a consequence of 
the densification of the system. Using the chain rule of partial differentiation it is possible to 
express the relation between refractive index, n, and relaxation rate, β. 
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and since we know that the expansion coefficient of the glass is: 
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then the relaxation rate determined by the refractive index, βindex, can be defined as: 
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where αglass is the expansion coefficient of the glass (calculated from cooling curves to be 
2.5 ± 0.4 × 10-4 K-1) and the change in index with temperature was calculated from cooling curves 
to be -1.4 ± 0.2 × 10-4 K-1. Note that this analysis has assumed that the values for αglass and the 
change in index with temperature of the film (a constant mixture of polymer and solvent) do not 
differ significantly to those of the pure polymer, and therefore the latter have been used to obtain 
the relaxation rate of the film. 
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Figure 5.6 shows the plots used to obtain the values for the gradient of both the thickness change 
over time and the refractive index change over time. The plot on the left shows δ, the deviation 
from equilibrium thickness defined as: 
∞
∞−=
h
hhtδ  5.6 
against log of time, in minutes. From this, the gradient is directly obtained and corresponds to the 
relaxation rate, β. 
The plot on the right shows the change in refractive index, n, over log of time. From there the 
different gradients, ( ) TPtn ,log∂∂ , can be obtained and then used in equation 5.5 to calculate the 
relaxation rate for the films. 
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Figure 5.6 – Relaxation rate and index change over time. The figure on the left shows the 
change in δ, over time. The gradient of these plots correspond to β as seen in equation 2.14. 
The figure on the right shows the change in refractive index over time. The gradient of these 
plots is then used in equation 5.5 to obtain the relaxation rate βindex. 
Table 5.7 shows the tabulated results for relaxation rates calculated and compared to the values 
for the bulk polymer obtained by Hutchinson et al [112]. The expansivity is also expressed in this 
table. 
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Polymer Relaxation βindex βthickness Expansivity 
     
 Bulk [112]   2.60 × 10-4 K-1 
   4 × 10-4  
 Film  
Thickness (nm) 
  
  2.5 ± 0.4 × 10-4 K-1 
 71 3.6 × 10-3 1.61 × 10-2  
 268 3.8 × 10-3 2.99 × 10-2  
 324 6.5 × 10-3 2.68 × 10-2  
 353 5.6 × 10-3 2.72 × 10-2  
 386 6.3 × 10-3 3.19 × 10-2  
Table 5.7 – Tabulated data showing relaxation rates calculated from thickness curves and 
from refractive index changes. βthickness data agrees with work by Richardson et al [100] while 
βindex data is an order of magnitude smaller. 
These results for the relaxation rate according to the thickness changes are in agreement with 
previous work in Chapter 4 and by Richardson et al [100]. The results also show how solvent 
quenched films relax much faster that temperature quenched films. The values obtained using the 
modified formula and refractive index changes are almost an order of magnitude smaller that 
those obtained using thickness changes alone. These differences could arise due to the 
assumptions that were made in the analysis. Expansivity and refractive index change over 
temperature may be significantly different for the polymer/solvent film and the pure polymer. It 
has also been shown in previous work [45] that applying this method to bulk polymer films is less 
accurate at describing the relaxation rate. 
5.5 Summary 
This chapter has seen how using refractive index information has provided information 
about the structure of the films and their composition. Analysis of the change in refractive index 
over time has shown the film does not experience a collapse of free volume since the refractive 
index did not rise during film relaxation. This however does not conclusively mean that the films 
contained no free volume or air voids. In order to determine this, a comparison of the solvent 
fractions using thickness dependent and refractive index dependent values was carried out. This 
analysis would yield information regarding the presence of voids in the film. It was shown that 
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although most of the films remained near the one-to-one correlation line between both solvent 
fraction values, deviations from this in one case particularly (empty squares in Figure 5.5) 
indicated the presence of voids within the structure as it exhibited a deviation over the one-to-
one correspondence line. This observation was explained by the assumption that the film’s 
density decreased (i.e. formation of voids due to the departure of solvent) lowering its refractive 
index. 
In Section 5.4 we adapted the isothermal analysis of film thickness to analyse the isothermal 
changes in refractive index of the films, and in doing so, obtained values of the relaxation rates of 
the films. This analysis assumed that the values for αglass and the change in index with 
temperature of the film (a constant mixture of polymer and solvent) do not significantly differ to 
those of the pure polymer. 
Relaxation rates obtained from analysis of thickness changes were found to be in agreement with 
previous work [100]. This provided additional information showing that solvent quenched films 
relax much faster than temperature quenched films. However, relaxation rate values obtained 
using refractive index changes were found to be an order of magnitude smaller. These results 
force us to review the assumptions made during the analysis of this data. Changes in expansivity 
and refractive index over temperature may, after all, be significantly different for the 
polymer/solvent film and the pure polymer. 
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6 Structural Relaxation, Tg and Expansivity of Nanocomposite Spin Cast Thin Films 
 
 
Oberlin and Endo’s first observed carbon filaments or nanotubes (CNTs) in 1976 
[113]. However it is generally accepted that it was since Iijima’s [114] realization of the 
importance of these structures and their vast potential for new advances in 1991, that CNTs have 
attracted the attention of the scientific community because of their outstanding electrical and 
mechanical properties. In the coatings industry, the main applications of CNTs include the 
dissipation of unwanted static charge build-up [115] in the electronics sector and thermal or 
electrical conductors [116
116
] in the automotive sector. These effects are achieved by dispersing 
CNTs in polymeric materials so that a percolating 3D structure of nanotubes is formed when 
coatings are applied [ ]. More recently, work has been carried out to study the stability of 
CNTs dispersions in organic solvent and aqueous solutions [117,118,119
This chapter will build on from previous results seen in Chapters 5 and 6 to explore the changes 
in structural relaxation, expansivity and glass transition temperature induced by the addition of 
double-wall carbon nanotubes (DWNTs) to PMMA ultra thin spin cast films. Leibler and 
Sekimoto have showed [
]. The prevention of 
nanotube aggregation in these solutions remains a challenge. This aggregation is caused by the 
strong van der Waals interaction between the nanotubes. 
31] that one of the factors controlling the solubility of solvents in glassy 
polymer matrices is the bulk modulus. Reiter and de Gennes [1] have argued that the 
compression of a glass provides an energy barrier to solvent loss.  According to the work of Putz 
et al. [120] carbon nanotubes can increase the modulus of glassy polymers. It is therefore 
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reasonable to assume that when adding nanotubes the modulus of the film will be increased 
causing a higher amount of solvent to be trapped within a polymer matrix. No one has studied 
this solvent retention in polymer/nanotube composites in ultra thin polymer films and it 
provides an ideal means of testing this idea. 
The stability of the dispersion of PMMA/DWNTs in solution was assessed using a CamSpec 
M350 Double Beam UV-Visible spectrophotometer. Initial departure from equilibrium, δ0, 
studied in Chapter 5, was compared to that of the pure polymer. Film relaxation was measured in 
situ using ellipsometry [49] in dynamic and spectroscopic scanning modes.  The thickness, h, of 
spin-cast PMMA/DWNT films was measured as a function of time. 
The glass transition temperature of the films was also measured and the strength of the transition 
assessed [28] as a function of film thickness and compared to that of the pure polymer films. The 
instantaneous relaxation rate of PMMA/DWNTs films of varying thicknesses were calculated 
and compared to that of a pure PMMA film. Finally the morphology of the films at the surface 
and across a transversal fracture was investigated using AFM and SEM and the conformation of 
nanotubes was studied using SEM.  
6.1 Nanocomposites in Solution 
Relaxation in freshly spin cast thin films of PMMA and DWNTs was studied. 1% wt. 
solutions of PMMA (Polymer Labs, as used in previous sections, Mw = 141.5k, Mw/Mn = 1.01) in 
bromobenzene were used for spin casting. PMMA and DWNTs (inner diameter = 1.6 – 2.6 nm, 
outer diameter = 2.3 – 3.3 nm; Nanocyl [121]) were dispersed in bromobenzene (Sigma-Aldrich 
with analytical purity, 99.98%) in a dilute solution (1% wt. solids) and sonicated for 12 hours at 
the end of which the sedimentation of nanotubes was tested using UV spectrometry. The 
nanotubes were functionalised to facilitate their dispersion into organic solvents. The nanotubes 
had carbon purity greater than 90%, nanotube content greater than 80% and contained less than 
  Structural Relaxation, Glass Transition Temperature and Expansivity of Nanocomposite spin cast films 
 107 
10% residual metal oxides from the catalytic CVD synthesis process. After spin-casting the films 
contained 2 wt. % DWNT in PMMA.  
 
Figure 6.1 – Absorption fraction of a 1% wt dilute solution of PMMA/CNTs in 
bromobenzene. The solution was placed under sonication for 12 hours prior to its placement 
in the UV spectrometer. Measurements were taken every 60 minutes of the full range of the 
UV spectrometer, 300-1100 nm, and integrated over the full range. Of special interest is the 
oscillation, caused by light leaking into the chamber and showing light/dark periods in the day. 
After six days, the absorption of light was reduced only by 8.5%. 
The results in Figure 6.1, show a sample of the dilute solution left to sediment over a period of 
six days. Data was collected over the full range of the UV spectrometer, 300-1100 nm, 
normalised to that of an empty cuvette. The plot shows absorption of the light by integrating 
over the full spectrum of wavelengths each time step. The total change in absorption after six 
days was found to be 8.5%. In the current experiments, samples were always spin-cast during the 
first 2 hours after sonication, once the solution was allowed to reach room temperature. During 
these 2 hours, the change in absorption was 3%. It was therefore considered that a stable solution 
was achieved for the purposes of these experiments. 
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In the plot, it is possible to observe an oscillation in absorption. This oscillation corresponds to a 
leakage of light from the lab’s illumination system in combination with the day/night light cycle. 
This leakage, cause by a small crack in the seal of the apparatus, was deemed not to have 
invalidated the results, as the oscillation caused (~2%) was much smaller than the total change in 
absorption over the time measured (~8.5%).   
The films prepared with bromobenzene provided with an excellent opportunity to observe the 
formation of glass in the films. Figure 6.2 shows the plots of thickness versus time of two 
PMMA/DWNTs films. These plots, similar to those shown in Chapter 5, indicate the point at 
which the glass is formed by pointing the exact data point at which the thickness decrease 
changes its rate of decrease; this point would later be used to set the initial time in further 
analyses. 
 
Figure 6.2 – Thickness change over time for PMMA/CNTs thin films spin cast from dilute 
solution on bromobenzene. Similar to Figure 4.25, these plots show how using bromobenzene 
as a solvent it was possible to observe in-situ the formation of the glass in the film. Further 
analysis would provide information such as relaxation rates.  
6.2 Thermodynamic Properties of PMMA/DWNTs Films 
Leibler and Sekimoto have shown theoretically that one of the factors controlling the 
solubility of solvents in glassy polymer matrices is the bulk modulus [31]. Reiter and de Gennes 
[1] have argued that the compression of a glass provides an energy barrier to solvent loss, which 
we have previously seen in Figure 4.25. Therefore if the modulus of the film were to be 
increased, we would observe an increase in δ0. It was decided to test this idea using carbon 
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nanotubes to increase the modulus of the polymer matrix in the thin films; this was previously 
shown for the bulk polystyrene (PS) in work by Putz et al. [120]. δ0 was obtained for films 
containing 2% wt. nanotubes using the same methodology as previously described in Chapter 4 
and plotted in Figure 6.3 to compare with data obtained for pure PMMA film. 
6.2.1 Initial Departure from Equilibrium 
Figure 6.3 shows the results obtained, indicating that addition of carbon nanotubes in the film 
slightly increases the initial deviation from equilibrium thickness, δ0, of the polymer films with 
thickness below 100 nm from 0.13 in the case of pure PMMA to 0.15 in the nanocomposite. 
However, carbon nanotubes are black and dispersing these into a film causes some of the light to 
be absorbed. This presents a difficulty when using ellipsometry. Absorption of light modifies the 
optical parameters of the samples and increases the difficulty of finding unique models to fit the 
experimental data. The number of parameters in the model increases from 4 to 6, to include the 
extinction coefficient amplitude, k, and its exponent, β, in the Cauchy model of the polymer 
optical constants. The effect of this is shown for films with thickness greater than 100 nm in 
Figure 6.3, where the error on δ0 increase from ± 0.03 to ± 0.12 thus making the comparison for 
films over 100 nm difficult to interpret. 
Furthermore we need to consider that in ultrathin films, with one dimension < 100 nm, the 
arrangement of nanotubes is not completely free; the restrictions imposed by the reduced 
thickness dimension imply that a percolating network of nanotubes would only do so in the plane 
of the film. This network would affect the mechanical properties of the film across the plane but 
not necessarily perpendicular to the direction of percolation.   
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Figure 6.3 – Initial departure from equilibrium of PMMA/DWNTs films compared to pure 
PMMA films. PMMA/DWNTs films with thicknesses below 100 nm, exhibit a δ0 slightly 
higher than films with pure PMMA. Thicker films carry a large error due to the absorption of 
light by the carbon nanotubes.  
Initial departure from equilibrium thickness could also be dependent on the glass transition 
temperature of the film; a lower Tg would allow faster relaxation of the polymer and therefore 
lower the departure from equilibrium at the glass formation point. 
6.2.2 Tg and Transition Strength 
In order to determine if the glass transition temperature varied due to the addition of carbon 
nanotubes, the Tg for all films was determined from cooling curves and plotted against film 
thickness in a similar way as it was shown in Chapters 4 and 5. 
The experimental glass transition is manifested as a discontinuity in second derivative 
thermodynamic quantities, such as the thermal expansivity, as the sample is cooled at a controlled 
rate. This Tg depends on the rate at which the sample is cooled, because it marks the temperature 
at which a relaxation time of the system becomes comparable to the experimental time scale. In 
these experiments, the thickness of a thin nanocomposite film was followed as a function of 
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temperature. In such an experiment, the data is analyzed by drawing two straight line segments 
through the data points, defining the Tg as the intersection of the lines. Figure 6.4 illustrates this 
using thickness versus temperature data obtained by ellipsometry. The expansion coefficients can 
also be calculated from this data and later use to determine the “strength” of the transition. 
 
Figure 6.4 – Expansion coefficient, α, is calculated from cooling curves of the films at 2°C 
min-1. The ratio of coefficients indicates the strength of the transition. Very thin films exhibit 
an expansion in the glass close to that of the liquid [28,49].  
Figure 6.5 shows a comparison of glass transition temperatures between films of pure PMMA 
and PMMA/DWNTs films (PMMA data from same PMMA films as used for Figure 4.27). From 
this, it is possible to conclude that adding DWNTs in the proportion used in these experiments 
(2% wt for dry films) does not change the Tg within the resolution of our technique, ~8°C. This 
is in agreement with Pham et al [122] that reported an increase of Tg equal to 3°C for bulk 
samples of PS with single wall CNTs using both spectroscopic ellipsometry and Differential 
Scanning Calorimetry (DSC). They also observed a depression in Tg for nanocomposite and pure 
polymer films with thicknesses below 45 nm. In our data we can also observe no thickness 
dependence of Tg for films thicker than 50 nm however we can observe a point with thickness 
well below this that indeed exhibits a decrease of Tg of ~50°C. It has been previously reported by 
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Keddie et al. and others [8,14,123,124] that Tg decreases for polymer thin films as a function of 
film thickness for films with thickness below 50nm. This decrease of the transition temperature 
has been suggested to be caused by the existence of a more fluid layer at the surface interface 
whose effects become dominant as the thickness of the film decreases. 
 
Figure 6.5 – Glass transition temperature versus film thickness calculated for films, pure 
PMMA films and PMMA/DWNTs films spin-cast from bromobenzene. The addition of 
DWNTs does not significantly affect the transition temperature. No change over temperature 
is seen above 50nm in agreement with other works [8, 14,28,123,124]. 
Another way to probe the glass transition is to determine its “strength”. This is done by obtaining 
the ratio of the glass’s thermal expansion coefficient over the melt’s coefficient (called the α 
ratio), using data such as in Figure 6.5. Kawana and Jones [28] have explained the changes in the 
expansivity ratio by arguing the presence of a liquid–like layer of polymer whose  thickness is not 
dependant on the total film thickness or the temperature of the film. Another approach, 
suggested by de Gennes [125], explicitly identifies the cooperative mechanism by which the extra 
dynamical freedom associated with segments at the surface is transmitted to segments deeper in 
the film, leading to conclude that there exists a depth dependence on Tg. 
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In nanocomposites, the addition of CNTs to the polymer matrix could affect the effective 
thickness of the liquid-like layer at the interface. If the α ratio is found to be higher than that of 
the pure PMMA, we can conclude that CNTs within the matrix extend the depth of this 
interfacial layer facilitating the movement of polymer molecules and increasing the expansivity in 
the glassy phase. On the other hand, if the values found are lower, we can conclude that CNTs in 
the matrix are reducing the depth of the interfacial layer, restricting the motion of the molecules 
and therefore decreasing the expansivity of the glass. 
 
Figure 6.6 – Thermal expansion ratio of both PMMA and PMMA/DWNTs films as a 
function of equilibrium film thickness. No significant differences are seen in the 
nanocomposite compared to the pure polymer as the thickness of the films approaches that of 
a monolayer.  
Figure 6.6 shows that the thermal expansion of the glass increases to that of the liquid phase, as h 
decreases towards that of a monolayer. The addition of DWNTs to the films has no significant 
effect on this trend within the resolution of our measurements. Therefore it is reasonable to 
conclude that in ultrathin films (< 100 nm), the nanotubes seem to have very little effect to the 
main polymer matrix mechanical properties in the dimension perpendicular to the plane. 
  Structural Relaxation, Glass Transition Temperature and Expansivity of Nanocomposite spin cast films 
 114 
6.2.3 Instantaneous Relaxation Rate 
The relaxation rate of the films is defined as the gradient of the curves of thickness over a time 
interval, in this case 2 minutes interval was chosen. Figure 6.2, shows this gradient change over 
time immediately after casting. The relaxation rate calculated is compared for pure PMMA and 
PMMA/DWNTs spin-cast films in Figure 6.7-A.  Time 0 is taken as the time at which the glass 
formed (Figure 6.2). Both films in Figure 6.7-A are 80 nm thick, measured by ellipsometry after 
annealing to 150°C for 10 min. It is clearly observable that for both films the instantaneous 
relaxation shows no differences, this reinforces the view that in ultra thin films, the addition of 
DWNTs has little effect on the mechanical properties in the axis perpendicular to the plane of 
the film.  
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Figure 6.7 – Instantaneous relaxation rate of PMMA/DWNTs films. Plot A shows a 
comparison between pure PMMA and PMMA/DWNTs films; both films are ~80nm. Plot B 
shows the instantaneous relaxation of PMMA/DWNTs films of different thicknesses. Time 0 
has been taken as the time the glass formed.  
Figure 6.7-B shows that initially a thickness dependence on the relaxation rate is exhibited; this is 
attributed to the differences in δ0 (Figure 6.3). Thicker films have a greater δ0 and therefore have 
further to relax than thinner films.  However, after 4 minutes, the relaxation rate of all the films is 
the same. 
A B 
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This thickness dependence of initial relaxation rate could be explained by Kawana and Jones [28] 
description of the existence of a liquid-like layer at the interface, promoting the relaxation in 
thinner films and trapping less solvent even before the film vitrifies. 
6.3 CNT Distribution & Film Surface Morphology  
It is important to learn more about the distribution of the nanotubes within the polymer 
matrix in order to better understand the results obtained in the previous sections. Nanotubes in 
bulk samples are usually found in percolating 3D networks. It is the fact that this percolating 
network exists that modifies the mechanical properties of the nanocomposites. For that reason, 
the structure of the film surface was probed using atomic force microscopy (AFM) and scanning 
electron microscopy (SEM) techniques. The structure inside the film was explored using SEM 
across a transversal cut of a film. The scanned films were prepared in the same way as 
ellipsometry samples. 
6.3.1 AFM Procedure 
AFM films were prepared following a very similar procedure to that discussed in Chapter 5; films 
were spin cast from a dilute solution of bromobenzene and placed on the heating stage which in 
turn was placed on the ellipsometer stage to measure the thickness change over time and 
relaxation. After the films were annealed at 150°C for 10 minutes and cooled to room 
temperature at 2°C min-1, a final thickness measurement was made and they were taken to the 
AFM for surface analysis. 
AFM scans were taken in the semi-contact mode, using the SMENA probe of an NTEGRA 
atomic force microscope from NT-MDT. As discussed in Chapter 3, phase imaging provides 
additional nanometre-scale information about surface structure and viscoelasticity often not 
revealed by other SPM techniques. By mapping the phase of the cantilever oscillation during the 
tapping mode scan, phase imaging goes beyond simple topographical mapping to detect 
variations in composition, adhesion, friction, viscoelasticity, and other properties. 
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6.3.2 SEM Procedure 
In a typical SEM configuration, electrons are thermionically emitted from a cathode. In SEM, the 
most common imaging mode monitors low energy (<50 eV) secondary electrons inelastically 
scattered by the atoms in the sample. Due to their low energy, these electrons must originate 
within a few nanometres from the surface [76]. Because the secondary electrons come from the 
near surface region, the brightness of the signal depends on the surface area that is exposed to 
the primary beam. This surface area is relatively small for a flat surface, but increases for steep 
surfaces. Thus steep surface and edges (cliffs) tend to be brighter than flat surfaces resulting in 
images with good three-dimensional contrast. 
The image contrast is also enhanced by the different conductive properties of the components in 
the sample. This conductivity allows the electrons in the beam to produce more secondary 
electrons as they strip these from the conductive atoms, enhancing the image [126]. CNTs are 
known to provide good means of charge transport [127,128
Two different SEM microscopes were used. One is a Field Emission Hitachi S-4700 SEM which 
provided a 1.5 nm resolution at 15 kV and an acceleration voltage range of 1 – 15 kV (as 
specified by manufacturer), located at SunChemical’s St Mary Cray site. The other one is a 
Hitachi S-3000H SEM which provided a 3.0 nm resolution at 25 kV and an acceleration voltage 
range of 0.3 – 30 kV (as specified by manufacturer) located at UniS Materials Department.  
] therefore providing a good source 
for secondary electrons. A better contrast than AFM could be obtained using the differences in 
charge transport properties between the carbon nanotubes and the polymer matrix. 
Two different processes prepared the samples used in SEM. The first method, samples were 
prepared in a process that was the same as that used in previous chapters; films were spin cast 
onto silicon substrates, annealed at 150°C for 10 minutes and cooled to room temperature at  
2°C min-1. These samples were examined using the S-4700 SEM located at SunChemical’s site. 
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The images obtained provided information at low contrast (due to the low voltage used, 1 kV) on 
the surface of the films. This can be seen later in Figure 6.10 and Figure 6.11. 
The second method of preparation was devised to allow for higher electron beam voltage to be 
used in SEM analysis, providing higher resolution and contrast in images, without damaging the 
films within the time required to obtain these images. The method consisted in spin-cast a dilute 
solution of PMMA/CNTs, 2% wt., in bromobenzene onto carbon substrates typically used to 
enhance the conductivity of non-conductive substrates, to provide for an efficient means to 
discharge the electrons. These films where then placed in a vacuum for 24 hours prior to SEM 
analysis, to remove all the solvent from the film. These images are shown in Figure 6.12  and 
Figure 6.13. 
6.3.3 Surface Morphology 
Figure 6.8 shows an AFM image taken from a 100 nm film on a silicon substrate; the 
concentration of nanotubes used was 1% wt. The figure shows both, the height (left) and phase 
(right) images. Both images show a large structure protruding from the polymer matrix surface. 
 
Figure 6.8 – AFM images of a 100 nm spin-cast PMMA/CNTs film. The film was annealed 
at 150°C and cooled to room temperature at a rate of 2°C min-1 before the scan took place. 
The image on the left shows the topographic height and the image on the right shows the 
phase. A large structure (white arrow) is seen in both images protruding from the film. 
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The dimensions of this structure, measured to be over 3 µm in length and 20 nm wide, suggest 
that this is not an individual nanotube, but instead it could be a group of nanotubes arranged in a 
rope. Other linear structures can be appreciated in the phase image (right) (indicated by arrows) 
with a measured width of 5-7 nm. These could be individual nanotubes coming to the surface of 
the matrix in part of their length. 
Figure 6.9 shows a larger scan, showing the surface of a 124 nm film with a concentration of 
nanotubes of 1% wt. The top shows a height image while the bottom shows a phase image. This 
figure shows a large number of structures (indicated by the arrows) that do not match the 
characteristics of the nanotubes introduced in the film. These structures seem to be spread over 
the surface of the film in a homogeneous manner and their measured dimensions, 50-500 nm 
diameters, suggest that they could be the metal particles used as catalysts in the catalytic chemical 
vapour deposition (CCVD) process to synthesise the CNTs. 
 
Figure 6.9 – AFM images of a 124 nm PMMA/CNTs film. The image on top shows the 
topographic height and the image on the bottom shows the topographic phase. Large circular 
structures spread through the surface (blue arrows) suggesting the presence of metal particles 
used as catalysts in the CCVD nanotube formation process.  
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6.3.4 CNTs Distribution and Conformation 
AFM analysis has shown that although it is possible to observe the nanotubes distributed 
across the film, most of these are partially embedded into the film. In order to improve the 
quality of the images for analysis, SEM was used to observe the nanotubes not only at the surface 
but also across an effective penetration depth of the electron beam. 
Enlarged
 
Figure 6.10 – Surface image of a PMMA/CNTs annealed film. Red arrows show nanotubes 
in the polymer matrix at different locations across the surface. The dimensions measured from 
this image are 150 to 250 nm in length. Circular structures corresponding to the metal catalyst 
are clearly seen under SEM as well. The highlighted region has been scanned at a higher 
resolution and shown in figure 7.3.4. 
Figure 6.10 shows how the surface of the film is covered by structures of two different types: 
circular or spherical structures, which we associate to the metallic residue of the catalytic CVD 
process, and linear structures (red arrows), which we associate to the presence of nanotubes. 
These structures are present homogeneously across the surface of the entire film.   
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Figure 6.11– Detail SEM image of region marked in Figure 6.10. Nanotubes can be seen and 
the dimensions have been calculated using the scale provided. The lengths measured suggest 
that these nanotubes are partly embedded into the film. 
Figure 6.11 shows a detailed image from the region boxed in Figure 6.10. The zoomed image 
allows the determination of dimensions of the nanotubes observed more precisely. This is shown 
in the image, where the lengths are noted next to each of the nanotubes seen. The dimensions 
were obtained using the calibration scale provided by the image (bottom right). 
From these values, 150 to 225 nm in length, it is reasonable to deduce that the nanotubes 
(typically a few micrometers in length) are either partially embedded in the polymer matrix or 
have been cut during the process of sonication. 
In order to determine which of these two scenarios is more likely to have caused the conditions 
for the images to show ‘shortened’ nanotubes, we would have to analyse in detail the structure of 
the nanotubes inside the polymer matrix, below the surface of the film. 
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In order to observe the nanotubes inside the polymer film, a scratch was made to the spin-cast 
polymer films cast on carbon-tape using a blade and then placed under the SEM. 
150nm, 8-10 nanotubes
40nm, 2-4 nanotubes
< 20nm, 1-2 nanotubes
 
Figure 6.12 – Image of inside of scratched PMMA/DWNTs (2% wt.) film spin cast onto a 
carbon-tape substrate. Nanotubes are arranged into many structures; here they group together 
to form a thicker wire structure formed of more than 10 individual tubes. 
Figure 6.12 shows an image of the cross-section of a film spin-cast onto carbon-tape substrate. In 
it, enhanced in violet, nanotubes can be seen grouped together into wires. Analysis of the sizes 
shown using the graded scale indicates that nanotubes form wires consisting of up to 10 different 
nanotubes. In the image the cross-section of the wires has been highlighted in yellow and the 
measured sizes are indicated. The bright white particles seen in the image could be associated to 
metal catalyst impurities. These would show up brighter in the image due to their higher atomic 
number and conductivity providing more backscattered and secondary electrons than the 
surrounding polymer. 
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multiple nanotubes coil 
individual nanotube
 
Figure 6.13 – Nanotubes randomly aggregating across the film. This image shows nanotubes 
aggregating in a variety of forms, from randomly aligned clusters, coils formed with 2 or more 
nanotubes or individually found tubes. Image taken from PMMA/DWNTs (2% wt.) film spin 
cast onto a carbon substrate  
In other places of the cross-sectional scratch, nanotubes could be seen to arrange themselves in a 
variety of forms. Figure 6.13 shows these different forms highlighted in yellow squares and 
labelled. These included randomly aligned clusters around impurities as shown by the top left 
square on the image. They also arranged themselves into wires comprising several nanotubes 
bundled together as in the lower rectangle in the image and they were also found in small bundles 
or individual formations, indicated in the image, right side. 
6.4 Summary  
The effects of DWNTs on the structural relaxation, glass transition temperature and 
expansion coefficient of glassy, spin-cast polymer thin films, ranging from 45nm to 145nm, were 
investigated. Stable, dilute solutions of catalytic-CVD nanotubes and PMMA in bromobenzene 
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were obtained after sonication to produce films containing 2 wt.% DWNTs in dry film. SEM and 
AFM images of films spin-cast on both carbon and silicon substrates showed homogeneous 
distribution of CNT clusters. Topographical analysis found that most CNTs were below the film 
surface. The thickness, h, of freshly-cast nanocomposite films was measured over time using 
spectroscopic ellipsometry. The films exhibit a gradual decrease in thickness, attributed to 
structural relaxation of the polymer glass combined with simultaneous solvent loss. In all cases, h 
was found to be greater than the equilibrium thickness obtained by cooling slowly from the melt. 
The initial departure from equilibrium was slightly higher in the nanocomposite films compared 
to the pure polymer, which might be attributed to a more rigid structure in the nanocomposite. 
However, the glass transition temperature and rate of structural relaxation in the films were not 
affected by the addition of CNTs. The ratio of thermal expansivity of the glass to the melt 
increases with decreasing film thickness in all cases. 
The confined dimensions of the films, with thicknesses well below the length of a nanotube, 
might have cause the DWNTs to create a percolating 2D network along the plane of the film but 
not across its thickness. This interconnecting network in the bulk and larger films is typically 
understood to be a 3D structure. It is reasonable to consider that the effect on the mechanical 
properties of nanocomposites does depend upon this percolating structure. Therefore it is 
suggested that the lack of a percolating CNTs network in one of the three axes, causes that axis 
to retain the polymer matrix mechanical properties without being affected by the addition of 
nanotubes. 
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7 Conclusions  
 
 
This study has explored the relaxation of confined soft systems and the 
interdependence of glass transition temperature, Tg, and solvent loss in fresh spin-cast films. The 
importance of thin films comes from their widespread use in technological applications and 
industrial processes. These applications range from coatings and lithography applications to 
nanoimprinting and optoelectronic devices. In such applications, the changes induced by the 
material’s relaxation to coating properties directly affect the coating’s suitability. 
Three different polymer systems were investigated using ellipsometry to obtain optical 
parameters of the thin films and construct a model to determine thickness and refractive index of 
the system. We followed the thickness of freshly spin-cast polymer films across a temperature 
range as well as in time, keeping the sample isothermal, to gain a better understanding of the 
structural relaxation of the film and how the polymer affects the release of trapped solvent. 
We compared the thermal expansivity and solvent retention in glassy and rubbery films, 
confirming that rubbery polymers hold no solvent and fully relax to equilibrium when spin cast, 
in agreement with the ideas of Leibler and Sekimoto [31] in their interpretation of solvent 
sorption by glassy films. 
Initial film conformation was explored for two homopolymers, for one copolymer and for 
polymer blends after solvent quench, and results have shown many interesting features.  
P(tert-BMA) films showed that ageing time of the films in vacuum did not affect the film’s 
thickness. We concluded that these films experienced a farter relaxation than bulk polymers after 
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glass formation and saw that they retained small amounts of solvent within until they were 
thermally treated. In Section 4.1 we have seen PMMA and P(tert-BMA) films are unable to 
overcome the distortion energy barrier once glass formation took place when solvent 
concentration reached a value below the critical solvent concentration at room temperature, φc. 
This distortion energy barrier prevented films to decrease in thickness causing films to hold 
solvent within the matrix during aging or, less likely, to create voids. Our experiments with p(tert-
BMA) showed that void formation, while toluene departs the matrix, is not a likely occurrence. 
Had void formation taken place, thickness of the film would have been constant but apparent 
glass transition temperature for p(tert-BMA), T*, would change. This was not the case, as T* 
remained unchanged during aging as evidenced in Figure 4.14. This result strongly suggested that 
solvent trapped in the polymer matrix remained trapped while the film’s temperature remained 
below Tg.  
Comparisons of PMMA with different blend ratios of PMMA and P(tert-BMA) have shown a 
strong dependence of both initial departure from equilibrium thickness, δ0, and relaxation rates, 
β, on P(tert-BMA) content of the film. These results are consistent again with our interpretation 
that P(tert-BMA) rich films relax much faster than PMMA rich films (Figure 4.14 and Figure 
4.15). This is an important result showing how P(tert-BMA) forms films with a high level of 
structural stability. 
Dependence of δ0 on film thickness and on the polymer used has been observed among all the 
systems used in our experiments, including the block copolymer P(tert-BMA)-b-PMMA. This 
dependence indicated that the behaviour of films with thickness below 400 nm was very different 
to that of films with greater thicknesses (bulk). We have attributed this difference in behaviour to 
interfacial effects; in thicker films the interfaces (both with air and substrate) are not dominant 
because their dimensions are not significant relative to the total film thickness. Thinner films 
however see the effects become more and more significant as film size is reduced and interfacial 
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dimensions remain the same. At the polymer/surface interface greater mobility makes relaxation 
occur very quickly, i.e. during casting. While previous work [107,108] has shown that the density 
of polymers near the polymer/substrate interface is higher than in the rest of the film. As the film 
becomes thinner we would expect to see these interfaces gain dominance.  
The dependence of δ0 on polymer showed that PMMA had a high δ0 while P(tert-BMA) was 
found to exhibit a low δ0 (seen in Figure 4.15). Intermediate behaviour was found among the 
blends with different PMMA and P(tert-BMA) ratios and on the block copolymer. The copolymer 
exhibited a lower δ0, characteristic to the pure P(tert-BMA) film rather than to the 1:1 blend, even 
though the blend and the copolymer had a similar overall composition. AFM scans showed 
randomly oriented layering of the polymer forming a lamellar structure whose dimensions 
repeated every 74 ± 5 nm. These lamellar structures would provide the glassy film with regions 
dominated by P(tert-BMA) behaviour furthering the relaxation of the film so that it behaved 
similar to pure P(tert-BMA). 
In an attempt to see if δ0 was correlated to φg, the value of φg was adjusted by varying the 
polymer and solvent in the system. From experiments using different tacticity we observed that 
differences in Tg between syndiotactic PMMA and iso-PMMA were not reflected in a change in δ0 
of the films. The differences in Tg between both polymers predicted a difference in δ0 of PMMA 
by a factor of 2.7 to that of iso-PMMA, but these differences however were not observed in the 
experimental data obtained. 
Using Bromobenzene slowed the evaporation of solvent sufficiently to allow the formation of 
the glassy film to be observed in-situ. This has, to the best of our knowledge, not been reported 
for spin-cast thin polymer films in the past. These experiments showed a slight increase of δ0 
with respect to films spin cast from toluene solution. We attributed these differences not to the 
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differences in Tg of the solvents used but to the fact that the new solvent allowed us to pinpoint 
the precise moment in the experiment where the glass formed. 
We conclude from this and previous work that our hypothesis that Tg of the polymer/solvent 
system would determine the behaviour of the glass formation and structural relaxation is 
therefore not valid. The behaviour observed did not depend on the Tg of the system. These 
results, however, do not rule out the possibility that δ0 could depend on the type of polymer used 
in a more fundamental manner. 
Ellipsometry also afforded us the possibility to study these systems using the information 
regarding refractive index. For this information to be useful, we used a solvent, bromobenzene, 
whose refractive index is distinguishable from that of the polymer used. 
Analysis of the change in refractive index over time has shown the film does not experience a 
collapse of free volume. This was speculated from observations of the refractive index vs. time 
plots where the refractive index did not rise during film relaxation. This result however did not 
conclusively mean that the films contained no free volume. A more definite test would come 
from comparisons of the solvent fractions obtained using thickness and refractive index data. 
This analysis yielded information that pointed to a general lack of voids in the film. It was shown 
that although most of the films remained near the one-to-one correlation line between both 
solvent fraction values, deviations from this in one case particularly (empty squares in Figure 5.5) 
indicated the presence of voids within the structure as it exhibited a deviation over the one-to-
one correlation line. 
Additionally the use of refractive index allowed us to obtain relaxation rates from changes in 
refractive index over time. Section 5.4 adapted the isothermal analysis of film thickness to analyse 
the isothermal changes in refractive index of the films. The relaxation rates obtained from 
analysis of thickness changes were found to be in agreement with previous work [100]. From this 
we concluded that solvent quenched films relax much faster than temperature quenched films. 
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However, relaxation rate values obtained using refractive index changes were found to be an 
order of magnitude smaller than those obtained from volumetric data. These results force us to 
review the assumptions made during the analysis of this data. Changes in expansivity and 
refractive index over temperature may, after all, be significantly different for the polymer/solvent 
film and the pure polymer. 
The effects of DWNTs on the structural relaxation, glass transition temperature and expansion 
coefficient of glassy, spin-cast polymer thin films, ranging from 45 nm to 145 nm, were 
investigated. Stable, dilute solutions of catalytic-CVD nanotubes and poly(methyl methacrylate) in 
bromobenzene were obtained after sonication to produce films containing 2 wt.% DWNTs in 
dry film. SEM and AFM images of films spin-cast on both carbon and silicon substrates showed 
homogeneous distribution of CNT clusters. Topographical analysis found that most CNTs were 
below the film surface. The thickness, h, of freshly-cast nanocomposite films was measured over 
time using spectroscopic ellipsometry. The films exhibit a gradual decrease in thickness, 
attributed to structural relaxation of the polymer glass combined with simultaneous solvent loss. 
In all cases, h was found to be greater than the equilibrium thickness obtained by cooling slowly 
from the melt. The initial departure from equilibrium was slightly higher in the nanocomposite 
films compared to the pure polymer, which might be attributed to a more rigid structure in the 
nanocomposite. However, the glass transition temperature and rate of structural relaxation in the 
films were not affected by the addition of CNTs. The ratio of thermal expansivity of the glass to 
the melt increases with decreasing film thickness in all cases. 
The confined dimensions of the films, with thicknesses well below the length of a nanotube, 
might have caused the DWNTs to create a percolating 2D network along the plane of the film 
but not across its thickness. This interconnecting network in the bulk and larger films is typically 
understood to be a 3D structure. It is reasonable to consider that the effect on the mechanical 
properties of nanocomposites does depend upon this percolating structure. Therefore it is 
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suggested that the lack of a percolating CNTs network in one of the three axes, causes that axis 
to retain the polymer matrix mechanical properties without being affected by the addition of 
nanotubes. 
Our results have direct implications in the coating industries. For example thin films containing 
selected substances, could be used to control the release of specific substances into food 
packaging with the intention of preserving food from degradation or to accelerate maturation. 
Inks, coatings and other related industries could also benefit from the use of highly stable films 
and low solvent contents in packaging minimizing the risks associated with exposure to these 
solvent by the public. 
Technological applications such as lithography currently used highly stable nano-imprinting to 
created masks for later etching. New developments could bring about the realization of high 
density storage devices like “the millipede” which would require an extremely stable polymer film 
as the substrate where information would be recorded.  
Finally, the fact that our nanocomposites retained the thermal properties of the pure polymer 
presents us with the opportunity to develop materials which would have the desired polymeric 
thermal properties and also additional properties imbued by the nanotubes like conductivity. 
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